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Genetic studies have determined that genes have fixed 
locations on the chromosome (Sutton, 1903). But with the 
discovery of transposable elements in maize by Barbara Mc-
Clintock (1946, 1948), a new class of genetic element (trans-
poson) was described that is characterized by its ability to 
move from one position in the genome to another. A result of 
such transposition is the generation of unstable or mutable 
alleles. The phenotype of these unstable alleles (e.g. at a 
locus for aleurone pigmentation), usually seen as wild type 
colored spots or tissue sectors on a recessive null back­
ground, can be explained by two events: 1) the initial inser­
tion of the transposable element into a gene locus disrupts 
gene action and 2) the consequent excision of the element 
from the mutable allele in clonal somatic sectors restores 
wild type gene function. 
Two general classes of transposable elements are recog­
nized: autonomous elements and defective elements. Autono­
mous elements have all the necessary cis-determinants (spe­
cific terminal and subterminal sequences) and express the 
gene(s) encoding the trans-acting factor(s) ("transposase") 
needed for their own transposition (excision and insertion). 
Defective elements retain unaltered cis-determinants but have 
deletions or other rearrangements that disrupt the gene(s) 
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encoding the trans-acting factor(s). Thus, defective ele­
ments are "transposase deficient" but are still reactive to 
specific signals in trans from the autonomous element. 
Because either the autonomous or defective element can 
insert into a locus, the mutability of unstable alleles is 
usually controlled in one of two ways. If an active autono­
mous element is inserted at the locus, the allele is autono­
mously controlled (one component system). If a defective 
element is inserted at the locus, the allele is non-autono-
mously controlled and relies on signals in trans from the 
autonomous element, located elsewhere in the genome, to 
express mutability (two component system). 
Defective elements respond specifically to signals from 
autonomous elements with which they share common cis-determi-
nants (specific terminal and subterminal sequences). This 
specificity of defective/autonomous element interaction, as 
recognized by geneticists, is what defines a transposable 
element system. 
All transposable element systems characterized in maize 
consist of two components: the autonomous element and a 
family of defective elements. Not all defective elements of 
a transposable element system are simple deletion derivatives 
of the autonomous element. Some are compound structures 
consisting of one defective element inserted into another. 
Other defective elements share with the autonomous element 
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only terminal sequence homology and limited or no internal 
sequence homology. But all classes of defective elements of 
a transposable element system still respond specifically to 
their autonomous element. 
This study describes the genetic characterization of the 
c2-m881058Y allele and its requirement for an autonomous 
element and an additional factor for mutability. This is a 
novel class of element which is part of a three component 
transposable element system. The genetic nature of the 
additional factor also is analyzed. To elucidate further why 
this additional factor is required for mutability, the ele­
ment residing in the c2-m881058Y allele was cloned and se­
quenced. Information regarding its structure, genomic copy 
number, genomic size class and unique internal sequence is 
presented. 
2. REVIEW OF LITERATURE 
2.1. Transposable Elements in Plants 
2.1.1. Genetic characteristics 
Transposable elements, initially genetically described 
in maize (McClintock, 1946, 1948), are found in all species 
examined (Kleckner, 1981; Shapiro and Cordell, 1982; Finn-
egan, 1985; Berg and Howe, 1989), from prokaryotes to mam­
mals. These elements are characterized by their ability to 
move from one genomic position to another. Because these 
elements are mobile, they can cause unstable or stable gene 
mutations as well as gross chromosomal rearrangements, in­
cluding chromosome breakage, duplications, triplications, 
deletions and inversions (McClintock, 1956a; Lister and 
Martin, 1989; Martin and Lister, 1989; Dooner, 1985; Taylor 
and Walbot, 1985). While transposable elements have been 
best described in maize (reviewed by Fincham and Sastry, 
1974; Fedoroff, 1989a; Doring and Starlinger, 1986; Nevers et 
al., 1985; Peterson, 1987; Gierl et al., 1989; Gierl and 
Saedler, 1989), they also have been extensively studied in 
Antirrhinum (reviewed by Coen et al., 1989) and petunia 
(Doodeman et al., 1984a, 1984b; Gerats et al., 1989, 1990). 
Similar elements, assumed to be mobile based on their "trans-
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poson-like" structure and sequence homology, have been iden­
tified in soybean (Rhodes and Vodkin, 1988), pea (Shirsat, 
1988; Bhattacharya et al., 1990), parsley (Herrmann et al., 
1988), potato (Camirand et al., 1990), wheat (Harberd et al., 
1987), lily (Sentry and Smyth, 1989), Arabidopsis (Voytas et 
al., 1990) and tobacco (Grandbastein et al., 1989). 
2.1.1.1. Somatic events The diagnostic phenotype 
associated with the presence of an active transposable ele­
ment is a mosaic pattern of wild type and recessive tissues. 
This variegated or mutable pattern can be caused in at least 
two ways. First, by the loss of distal dominant markers 
exposing recessive markers on the homologous chromosome due 
to transposable element-mediated site-specific chromosome 
breakage. And second, by the insertion and subsequent exci­
sion of a transposable element into a gene. This second type 
of mutability is due to two events. Initially, a transpos­
able element inserts into a gene locus, disrupting its func­
tion and usually resulting in a null phenotype. Subsequent 
relatively precise excision of the element from the locus in 
some cells during development restores gene function to 
clonal somatic sectors. These sectors express a wild type 
phenotype in a background of null expression. It is this 
mutable phenotype which is indicative of the action of an 
active transposable element. If the transposable element 
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inserted into a gene required for anthocyanin pigmentation of 
the kernel aleurone, for example, the phenotype of this 
allele would be one of colored spots on a pale or colorless 
aleurone. This new allele is called a mutable or unstable 
allele. 
2.1.1.2. Germinal events Excision of the inserted 
element from the mutable allele can occur in tissues which 
give rise to gametes. In such cases, these excision events 
would be heritable in the next generation as germinal revert-
ants. These events are recognized as exceptional, fully 
colored kernels on an ear segregating for spotted kernels. 
Precise excisions produce alleles which condition wild 
type color. But these events are rare (Schwarz-Sommer et 
al., 1985a; Baran et al., 1992). More likely, the excision 
is imprecise, which can produce two classes of phenotypes de­
pending on the position of the insert in the gene and the 
extent of the alteration after excision. If the insert 
resides in a position more tolerant to change, such as an 
intron, then most germinal excisions would produce wild type 
colored revertant alleles. If the insert resides in a vul­
nerable position in the gene with respect to gene function, 
such as an exon relating to an important part of a protein 
domain, then imprecise germinal excisions could produce an 
allelic series ranging from colorless to pale to wild type 
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color, depending on the extent of the alteration. Such 
allelic series have been described for the A2 and CI genes of 
maize (Reddy and Peterson, 1976; Franken et al., 1992) and 
the pallida gene of Antirrhinum (Coen et al., 1986). The 
various excision events occurring germinally also are occur­
ring somatically. 
2.1.2. Molecular characteristics 
2.1.2.1. Structure of the elements All transposable 
elements thus far described have distinctive molecular struc­
tures (Fedoroff et al., 1983; Pereira et al., 1985; Shepherd 
et al., 1989; Gierl, 1990). They have short "terminal in­
verted repeats" (TIRs) at both ends. That is, the sequence 
at one end is repeated in inverse orientation at the other 
end. The length and sequence of the TIRs are characteristic 
for a specific transposable element system. Internal to the 
TIRs are subterminal sequence-specific motifs that are reit­
erated at distinctive positions and in particular orienta­
tions. In between these highly structured termini are often 
one or more open reading frames (ORFs) (Figure 2.1). 
2.1.2.2. Host sequence alterations Upon insertion 
into a genomic site, transposable elements create short host 
sequence duplications (HSD) in a direct orientation. The 
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sequence of this duplication depends upon the sequence of the 
host sequence at the point of the insertion. But the nucleo­
tide length of the HSD is characteristic for specific tran-
sposable element systems. After excision of the element, a 
part or all of the HSD is often retained at the insertion 
site. These sequence "footprints" are the molecular evidence 
for a previous visitation by a transposable element and can 
lead to sequence and protein polymorphisms (Schwarz-Sommer et 
al., 1985a; Saedler and Nevers, 1985; Fedoroff, 1989a). 
««— <->>>> 
Figure 2.1. General structural features of a transposable 
element. The short TIRs are represented by 
««, the subterminal motifs are represented 
by • and M and the ORF is represented by H. 
2.2. Transposable Elements in Maize 
Transposable elements in maize have been intensively 
studied at the genetic level since the 1950's and more re­
cently at the molecular level (reviewed by Peterson, 1987; 
Fedoroff, 1989a). These studies have contributed to the 
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understanding of genome plasticity and gene regulation and 
have facilitated the molecular isolation of most maize genes 
cloned to date. 
2.2.1. Autonomous and defective elements 
2.2.1.1. Functional definition Transposable ele­
ments in maize are found in two forms: as the autonomous 
element or as a defective element. If an autonomous element 
inserts into a gene creating a mutable allele, then the 
unstable, spotted phenotype will always cosegregate with that 
allele. This cosegregation can be demonstrated by a simple 
outcross. A plant heterozygous for the mutable allele, when 
outcrossed to a homozygous recessive tester line, will segre­
gate 50% spotted kernels and 50% non-spotted or colorless 
kernels on the progeny ear. This type of transposon-induced 
allele is said to be "autonomously mutable". 
If a defective element inserts into a gene creating a 
mutable allele, that allele does not always express a spotted 
phenotype in backcrosses where segregation is possible. Only 
if the autonomous element also is present in the genome will 
the mutable allele express a spotted phenotype. A plant 
heterozygous for this type of mutable allele and segregating 
for one, unlinked autonomous element, when outcrossed to a 
homozygous recessive tester line, will segregate 25% spotted 
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and 75% colorless kernels on the progeny ear. This defective 
element-induced allele is said to be "non-autonomously muta­
ble" or under the control of a two element system. Its 
mutability is dependent on the presence of the autonomous 
element. In this way, defective element-induced alleles can 
be used as "reporter alleles" to monitor genomes for the 
presence of independent, active autonomous elements. 
2.2.1.2. Molecular explanation The molecular rela­
tionship between the autonomous element and the defective 
elements has been elucidated (Fedoroff et al., 1983b; Gierl 
et al., 1985; Pereira et al., 1985). Autonomous elements 
have the characteristic TIRs, subterminal motifs and "trans-
posase" encoding ORF(s). They carry the critical cis-deter-
minants and express the trans-factor(s) necessary for trans­
position (both insertion and excision). All defective ele­
ments retain the critical cis-determinants, including the 
characteristic TIRs and subterminal motifs, but have dele­
tions and/or other rearrangements within the ORF(s). These 
mutations render the defective elements "transposase minus", 
but with unaltered cis-determinants; these elements are still 
reactive to specific signals in trans from the autonomous 
element. 
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2.2.2. Transposable element systems of maize 
2.2.2.1. Functional definition The interaction be­
tween the autonomous element and the defective element is 
very specific. It is based on this specific, genetically 
defined interaction that a transposable element system is 
defined (detailed review by Peterson, 1987). An autonomous 
element does not trigger all defective elements, as assayed 
by its ability to trigger mutability of defective element-
induced alleles. Likewise, not all defective elements re­
spond to all autonomous elements. A transposable element 
system consists of an autonomous element and the family of 
defective elements that specifically respond to it. Based on 
this criterion, nine autonomous-defective element systems 
have been genetically defined in maize: Dt-rdt (Rhoades, 
1938), Ac-Ds (McClintock, 1948, 1951), En-I (Peterson, 1953) 
also called Spm-dSpm (McClintock, 1954; Fedoroff, 1983b), 
Fcu-rcu (Gonella and Peterson, 1977), Bg-rbg (Salamini, 
1981), Vq-ruq (Friedemann and Peterson, 1982), Mrh-rmrh and 
Mut-rmut (Rhoades and Dempsey, 1982) and Cy-rcy (Schnable and 
Peterson, 1988). 
2.2.2.2. Molecular explanation All defective ele­
ments that respond to an autonomous element have the same 
critical cis-determinants as that autonomous element. But 
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the defective elements have mutations that disrupt the "tran-
sposase" encoding ORF(s). They are derivatives of the autono­
mous element which cannot express the trans-factor(s) neces­
sary for transposition. The autonomous element can express 
the trans-factor(s) and complement the mutations in the 
defective elements. These trans-factor(s) interact specifi­
cally with the cis-determinants. The nucleotide sequence of 
the TIRs and subterminal motifs, as well as the length of the 
HSD, are definitive for each system. 
Not all defective elements are simple deletion deriva­
tives of the autonomous element as some carry non-autonomous 
element sequences. For example, Dsl and Ds2 elements have 
non-Ac internal sequences (Sutton et al., 1984; Merckelbach 
et al., 1986; Varagona and Messier, 1990). But these elements 
are still reactive in trans to their autonomous element 
because they retain the system-defining terminal and subter­
minal sequences. 
2.3. The En/Spm Transposable Element System 
2.3.1. Autonomous and defective elements of the En/Som 
svstem 
The autonomous Enhancer {En) element was first discov­
ered as an insert at the Pg locus (Peterson, 1953, 1960). 
Subsequent isolation of defective elements {Inhibitor=I) re-
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spending to En enabled Peterson to define the En-I system. 
En's movement into the A1 locus, a gene required for antho-
cyanin pigmentation, facilitated the characterization of this 
system. McClintock independently described the mutability of 
the al-ml allele and defined the Spm system (McClintock 1954, 
1955, 1965b). It was later determined, via the system speci­
ficity test, that En is genetically homologous to Spm and the 
defective element at al-ml {dSpm) homologous to I (Peterson, 
1965). 
2.3.2. En/Spm functions 
Classical genetic studies have shown En/Spm possesses 
several functions based on its interaction with specific 
responsive alleles. 
2.3.2.1. The suppressor function Some J/dSpm-in-
duced alleles express partial (al-ml, c2-m2) to full (a2-ml 
state II) gene activity in the absence of En/Spm (McClintock 
1953, 1958, 1967). This partial to full gene activity is 
expressed as pale to wild type aleurone color. Suppression 
of this background color to colorless when En/Spm is present 
is described as the suppressor (S) function. Only with these 
particular reporter alleles can the S function of En/Spm be 
monitored. 
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2.3.2.2. The mutator function Excision of the 
element from the mutable allele restores wild type gene 
activity in clonal somatic sectors and results in a spotted 
phenotype. This is described as the mutator (M) function and 
is the distinctive phenotype associated with the presence of 
an active En/Spm either being reported by a reporter allele 
or residing at a mutable allele. The mutator function is not 
independent of the suppressor function, since it is only 
effective when the suppressor function is also active (Mc-
Clintock, 1965b). These two functions are the basis for the 
original description of the Suppressor-Mutator (Spm) system 
(McClintock, 1954). 
2.3.2.3. The co-expression function A particular 
I/dSpm insert in the promoter of the A1 gene (al-m2 allele) 
causes a null expression in the absence of En/Spm (Schwarz-
Sommer et al., 1987). But with En/Spm present, in addition 
to the expected colored spots due to excision, there is a 
coincident weak background expression of the A1 gene. In the 
absence of En/Spm, this allele conditions a colorless aleu-
rone. In the presence of En/Spm, the aleurone has a pale 
background with colored spots. The pale colored background 
is due to co-expression of the A1 gene in the presence of 
En/Spm. This is called the co-expression (co-ex) function 
and is only seen with this particular al-m2 reporter allele 
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of the Al gene (McClintock, 1965a, 1971; Reddy and Peterson, 
1985). 
2.3.2.4. The activator function The fourth function 
of En/Spm is not based on its interaction with a reporter 
allele per se, but rather on the phenomenon of activation of 
an inactive (cryptic) En/Spm by an active En/Spm (McClintock, 
1957, 1958, 1965a, 1971). Although this activation is not 
strictly heritable, continual selection of an activated cryp­
tic (previously inactive) En/Spm with the activating En/Spm 
increases the probability that the element will remain heri­
tably active (Fedoroff, 1989b). This function of active 
En/Spm elements is defined as the activator (A) function 
(Nevers and Saedler, 1977). 
2.4. Molecular Analysis of En/Spm and I/dSpm Elements 
2.4.1. The En/Svm element 
2.4.1.1. Molecular structure The Enl element was 
cloned after its isolation at the wx-844 allele (Pereira et 
al., 1985). The Spm element was cloned from the A1 gene (al-
m2) and found to be virtually identical to Enl (Masson et 
al., 1987). The En/Spm element is 8287 bp long and has 
perfect 13 bp TIRs of the sequence CACTACAAGAAAA (Figure 
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2.2A, p. 20). At its insertion site is a HSD of 3 bp, which 
is the characteristic length HSD for En/Spm. The subterminal 
regions have a 12 bp motif repeated in direct or inverse 
orientation six times in the left end and eight times in the 
right end (Gierl et al., 1985) (Figure 2.2B and C, p. 20). 
The 12 bp motif has the consensus sequence CCG-C-CT-TT-. with 
the invariant nucleotides underlined. Similar motifs (cryp­
tic motifs) which have a high homology to the 12 bp motif but 
do not match the consensus, also are repeated in direct and 
inverse orientation in the subterminal region. The orienta­
tion and position of these motifs produces asymmetrical ends. 
This highly structured sequence organization is restricted to 
the left 200 and the right 300 terminal nucleotides of the 
element (Pereira et al., 1986). 
2.4.1.2. Gene products The sequences in between the 
highly structured termini of the En/Spm element encode two 
products: TNPA and TNPD (Figure 2.2A) (Prey et al., 1990). 
TNPA is encoded in eleven exons that span the entire element. 
Transcription is initiated at a weak promoter in the left 
end, that overlaps with one of the 12 bp motifs, to produce 
the 2.5 kb major transcript (Pereira et al., 1986). The 
first exon is untranslated and has a high GC content compared 
to the rest of En/Spm. The start codon for TNPA is at the 
beginning of the second exon and translation proceeds up to 
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the eleventh exon to produce a 67 kd protein (Gierl et al., 
1988b). 
Contained within the unusually large first intron of 
TNPA are two non-overlapping ORFs which encode TNPD. TNPD is 
transcribed as part of a large dicistronic 5.8 kb minor 
transcript that spans the entire En/Spm element (Masson et 
al., 1989; Prey et al., 1990). Translation starts at the 
beginning of the first ORF and produces a protein of 132 kd 
(Prey et al., 1990). About 1 kb of this first ORP shows 
homology to the Taml transposable element from Antirrhinum 
majus and the Tgm transposable element from soybean (reviewed 
by Gierl and Saedler, 1989). 
2.4.2. The I/dSpm elements 
All I/dSpm elements have, until recently, been found to 
be deletion derivatives of various degrees of the En/Spm 
element (Schwarz-Sommer et al., 1985b; Tacke et al., 1986; 
Masson et al., 1987; Schiefelbein et al., 1988; Menssen et 
al., 1990). The deletions affect the coding regions for TNPA 
and TNPD. These are the basis for the requirement of En/Spm 
for excision of these defective elements. The I/dSpm ele­
ments retain the critical cis-determinants (TIRs and 12 bp 
motifs) required for interaction with TNPA and TNPD (the 
trans-factors). 
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Deletions which extend into the subterminal regions, 
especially affecting the 12 bp motifs, have a lower frequency 
of excision (smaller and less frequent spots) than similar 
I/dSpm elements without such extensive deletions (Schwarz-
Sommer et al., 1985b; Tacke et al., 1986; Masson et al., 
1987; Schiefelbein et al., 1988) (Figure 2.2B and C). Two 
deletion derivatives of an I/dSpm element at the A1 locus 
illustrate this point (Tacke et al., 1986). The I/dSpm 
element inserted in the al-ml 6078 allele has a deletion from 
nucleotide 861 to 6906 of the En/Spm sequence. Neither of 
the subterminal regions are affected by this deletion. In 
the presence of an active En/Spm, large and frequent excision 
spots result. This particular I/dSpm element (al-ml 6078) 
has given rise to two derivatives with larger deletions. The 
al-ml 5719A allele has a deletion from nucleotide 174 to 7671 
and the al-ml 1112 allele has a deletion from nucleotide 69 
to 7410. Both derivatives have deletions which affect the 
left subterminal region and remove either part of one motif 
{5719A) or four motifs {1112) from that end (Figure 2.2B). 
Both alleles express a much lower frequency and size of 
excision spotting than the 6078 progenitor allele. A similar 
correlation between excision pattern and intactness of the 
subterminal regions is observed with a series of deletion 
derivatives of the bz-ml3 allele (Schiefelbein et al., 1988) 
(Figure 2.2B). 
Figure 2.2. Structure of En/Spm element, termini and gene 
products. A. Gene structure of En/Spm. Open 
boxes are exons and black boxes are structured 
termini. Weak promoter (P), start codons 
(AUG), stop codon (UGA), two open reading 
frames (ORFl, 0RF2) and gene products (TNPA, 
TNPD) are indicated. B. Left termini and C. 
right termini of En/Spm. Black, filled boxes 
are TIRs, 12 bp motifs (=>) are numbered, weak 
promoter (P) is indicated and lower case let­
ters mark deletion endpoints of the following 
I/dSpm alleles: a) bz-ml3 CS6, b) a2m-l state 
II, c) al-ml 1112, d) bz-ml3 CS9, e) al-ml 
5719A, f) al-m2 7997 and g) al-m2 7995. 
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The dSpm element in the a2-ml (state II) allele has a 
deletion of all the left subterminal 12 bp motifs but retains 
the left TIR (Menssen et al., 1990) (Figure 2.2B). This dSpm 
is no longer competent to undergo excision but is suppressed 
in the presence of En/Spm (McClintock, 1958). Thus the 
presence of one asymmetrical end is sufficient for suppres­
sion but not for excision. 
Sullivan et al. (1991) have reported a dSpm element with 
a non-Spjn internal region residing in the btl-m allele. This 
was the first I/dSpm element reported that carried sequences 
that were not consistent as a deletion product of En/Spm. An 
identical element, described in this dissertation, was found 
residing in the C2 gene (chalcone synthase). 
2.4.3. Transposition of En/Spm 
The autonomous En/Spm element has been shown to trans­
pose in dicotyledonous plants such as tobacco and potato in a 
manner consistent (creation of HSDs and excision footprints) 
with transposition in maize (Frey et al., 1989, 1990; Masson 
and Fedoroff, 1989; Pereira and Saedler, 1989). In such a 
heterologous system, the trans- and cls-requirements for 
transposition can be assayed. 
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2.4.3.1. Required in trans The 2.2 kb I/dSpm ele­
ment from the al-ml 6078 allele was used in a GUS reporter 
construct to determine which gene products are required in 
trans for excision in transgenic tobacco (Frey et al., 1990). 
Neither TNPA nor TNPD alone elicits excision of the I/dSpm 
from the GUS reporter construct. Only when both TNPA and 
TNPD are present does the I/dSpm element excise from the 
reporter construct producing dark blue somatic sectors of GUS 
activity. Characteristic excision footprints are left in the 
GUS reporter construct (Frey et al., 1990) and 3 bp HSDs are 
created at new integration sites (Cardon et al., 1991). This 
excision phenotype is heritable upon outcrossing providing 
both TNPA and TNPD segregate to the same progeny. TNPA alone 
was able to suppress weak background GUS expression of the 
I/dSpm reporter construct. This was expected since previous 
suppression studies in tobacco protoplasts had proven TNPA 
alone could suppress GUS activity using a similar reporter 
construct (Grant et al., 1990). Thus, both TNPA and TNPD are 
necessary and sufficient to elicit excision of an I/dSpm 
element in trans in transgenic tobacco. 
The TNPA protein is a bi-functional protein (Trentmann 
et al., 1992). The binding of in vitro translated TNPA to 
individual 12 bp motifs produces a fast and a slow migrating 
complex in gel retardation assays. The fast migrating com­
plex contains one TNPA molecule and the slow migrating com­
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plex contains two TNPA molecules associated by protein-pro­
tein interactions. Deletion analysis has revealed two do­
mains: amino acids 122 to 427 constitute the DNA binding 
domain and amino acids 428 to 542 are required for dimerizat-
ion of TNPA (Trentmann et al., 1992). Mutant TNPA proteins 
defective in either the DNA binding domain or the dimerizat-
ion domain can not promote excision in transgenic tobacco 
(Trentmann et al., 1992). Thus, DNA binding and dimerization 
by TNPA are both necessary for excision. 
2.4.3.2. Required in cis The 12 bp motifs reiterat­
ed in specific positions and orientations in the subterminal 
regions bind TNPA in vitro (Gierl et al., 1988b). Any nucle­
otide alteration at the third, tenth or eleventh position or 
any methylation of the cytosine residue in CG dinucleotides 
or CNG trinucleotides in the consensus will abolish TNPA 
binding in vitro (Gierl et al.,1988b). In vivo suppression 
studies indicate that tail-to-tail dimers of the motif are 
most strongly bound by TNPA (Grant et al., 1990). Because 
TNPA is one of the necessary proteins required in trans and 
TNPA binds to this specific 12 bp motif sequence, preferen­
tially to motifs in a tail-to-tail dimer orientation, these 
12 bp motifs must be present in this orientation in the sub-
terminal regions for excision to occur. 
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An artificial I/dSpm construct consisting of 270 bp of 
the left end and 446 bp of the right end of En/Spm excises in 
transgenic tobacco in the presence of TNPA and TNPD (Frey et 
al., 1992). Another artificial I/dSpm construct consisting 
of two left ends in inverted orientation does not excise in 
the presence of TNPA and TNPD (Frey et al., 1992). This 
artificial I/dSpm construct has symmetrical ends. As is seen 
with artificial Ds constructs, asymmetric ends are required 
for excision (Coupland et al., 1989). 
If the 13 bp TIRs are aligned in parallel, the 12 bp 
motifs are distributed such that motifs at one end fit into 
gaps containing no motif at the other end (Frey et al., 1990) 
(Figure 2.3B). Also, their periodic position in the subter­
minal regions always exposes the major groove of the DNA 
helix towards the inside face of the paired ends (M. Frey, 
per. comm.). An addition of as few as 2 bp between the left 
TIR and the first motif dimer eliminates excision in transg­
enic tobacco (M. Frey, per. comm.). These motifs must occupy 
specific positions in the subterminal regions as well as be 
repeated in their proper orientation and correct sequence for 
excision. 
The TIRs also are required in cis for excision. All 
En/Spm and I/dSpm elements that excise in maize or a heterol­
ogous host have unadulterated 13 bp TIRs. Deletion of the 
two outermost nucleotides of the left TIR dramatically reduc-
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es excision frequency of the I/dSpm from the bz-ml3CS6 allele 
(Schiefelbein et al., 1988) (Figure 2.2B). Therefore, the 
critical cis-determinants include the 13 bp TIRs and the 12 
bp motifs reiterated in the proper sequence, position and 
orientation in the subterminal 200 bp of the left end and 300 
bp of the right end, creating asymmetric termini (Figure 
2.3A). 
2.4.3.3. Model for transposition Transposition of 
En/Spm seems to take place via a "cut and paste" mechanism 
(Saedler and Nevers, 1985). After excision, the broken 
chromosome must be "healed" in order to prevent chromosome 
loss. For healing of the breaks, the ends of the element 
must be brought into close physical proximity. Thus, exci­
sion may be divided into different phases: complexing of the 
ends, release of the element by endonucleolytic cleavage near 
the termini and healing of the chromosome breaks. 
TNPA is one of the trans-factors required for excision. 
With the 13 bp TIRs aligned in parallel, the 12 bp motifs at 
one end fit into gaps with no motif at the other end (Figure 
2.3B). This alignment resembles a zipper. Since TNPA spe­
cifically binds the 12 bp motifs and can dimerize via pro-
tein-protein interactions, it may act as a "molecular glue", 
bringing the ends of the element together in a zipper-like 
fashion, with the bound TNPA molecules acting like the teeth 
(Figure 2.3B). 
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Figure 2.3 Model for En/Spm transposition. A. En/Spm 
integrated into the chromosome. The number of 
12 bp TNPA binding motifs is reduced and rep­
resented by unfilled boxes. Unfilled trian­
gles represent TIRs. B. Binding of 12 bp mo­
tifs by TNPA, indicated by filled boxes, leads 
to complex formation of the ends. C. Binding 
of the TIRs by TNPD, indicated by filled tri­
angles leads to endonucleolytic cleavage and 
release of En/Spm from the chromosome. 
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The speculation that the ends are complexed by TNPA 
agrees with previous findings. Partial deletion of the TNPA 
binding motifs reduces the excision rate (reviewed by Gierl 
et al., 1989) (Figure 2.2B and C). If a prerequisite for 
excision is complex formation, then fewer motifs would mean 
fewer TNPA contacts. This would decrease complex stability 
and reduce excision frequency. 
With the ends of the element held together in close 
proximity, an endonuclease is required to cut at the TIRs. 
TNPD is thought to be this endonuclease. A 1 kb region of 
the first exon of TNPD shows significant similarity at the 
amino acid level with the putative coding regions of the 
transposable elements Taml from Antirrhinum and Tgm from 
Glycine max (Sommer et al., 1988; Rhodes and Vodkin, 1988). 
The En/Spm, Taml and Tgm elements are grouped into the CACTA 
family of transposable elements because they all produce 3 bp 
HSDs upon insertion and share nearly identical 13 bp TIRs 
(reviewed by Gierl et al., 1989). Therefore the product 
encoded by this region of similarity (TNPD) may interact at 
the 13 bp TIRs and be the endonuclease required for excision. 
Given the above arguments, a model for transposition is 
proposed (Prey et al., 1990). With the element inserted into 
the chromosome, TNPA induces a complex formation between both 
ends, by binding the 12 bp motifs and forming dimers with the 
TNPA molecules bound at the other end (Figure 2.3A and B). 
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The asymmetry of the two ends and the alternate distribution 
of TNPA binding sites leads to the correct positioning of the 
13 bp TIRs. Interaction of TNPD with this complex leads to 
cleavage at the TIRs and release of the element from the site 
of insertion (Figure 2.3C). Healing of the chromosome breaks 
probably occurs while they are still held in close proximity 
and may involve cellular DNA repair enzymes (Saedler and 
Nevers, 1985). The excised element-TNPA-TNPD-complex could 
then re-insert by TNPD-endonucleolytic cleavage at the site 
of integration. 
2.4.4. En/Spm functions at the molecular level 
Given the proposed model for transposition, the four 
functions of En/Spm defined genetically can be attributed to 
either the action of TNPA, TNPD or both together. 
2.4.4.1. The suppressor function TNPA specifically 
binds the 12 bp motifs present in the subterminal regions 
(Gierl et al., 1988b). This binding of TNPA is sufficient to 
suppress leaky GUS expression from reporter constructs in 
tobacco protoplasts and transgenic tobacco (Grant et al., 
1990; Frey et al., 1990). The residual gene expression of 
some I/dSpm-induced, alleles (al-ml, c2-m2, bz-ml3) is attrib­
uted to transcription of the entire gene and inserted element 
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and then splicing of most of the insert from the primary 
transcript (Gierl et al., 1985; Tacke et al., 1986; Kim et 
al., 1987; Schiefelbein et al., 1988). The presence of 
En/Spm in the genome provides TNPA, which can bind to the 
motifs in the ends of the element. With TNPA bound to the 
motifs, readthrough transcription is sterically blocked by 
the complexed ends and no primary transcript is produced. 
Therefore the residual gene activity is inhibited. 
2.4.4.2. The mutator function Excision of the 
residing transposable element from the mutable allele result­
ing in colored spots is defined as the mutator function. 
Both TNPA and TNPD are required in trans for excision of an 
I/dSpm element from a GUS reporter construct in transgenic 
tobacco (Frey et al., 1990). Deletion of the subterminal 
motif sequences or alteration of their position reduces or 
prevents excision in both maize and transgenic tobacco (Tacke 
et al., 1986; Masson et al., 1987; Frey et al., 1992). 
Alterations in the TIRs also reduces excision frequency in 
maize (Schiefelbein et al., 1988). Since TNPA binds subter-
minally and TNPD likely interacts with the TIRs, the combina­
tion of TNPA and TNPD is responsible for the mutator func­
tion. 
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2.4.4.3. The co-expression function The co-ex func­
tion of En/Spm is only seen with the al-m2 allele, which has 
an I/dSpm element inserted just upstream of the TATA box and 
CAAT box (Schwarz-Sommer et al., 1987). In the absence of 
En/Spm the aleurone of kernels carrying this allele is color­
less. In the presence of En/Spm the A1 gene is co-expressed 
and the aleurone is pale with colored excision spots. The 
insertion of this element separates the promoter from more 
upstream regulatory regions by 1080 bp and prevents tran­
scription of the A1 gene. In the presence of En/Spm, the 
ends of this defective element are complexed by TNPA and 
brought together. According to Schwarz-Sommer et al. (1987), 
the separation of the upstream regulatory sequences from the 
promoter is eliminated and transcription proceeds, albeit at 
a lower level than normal. Thus, the complexing of the ends 
by TNPA can explain the co-expression function. 
2.4.4.4. The activator function An active En/Spm 
can lapse into inactivity (McClintock, 1961a, 1961b; Fowler 
and Peterson, 1978). This inactivity is correlated with in­
creased levels of methylation, particularly in the GC-rich 
first exon and the region upstream of the transcription 
initiation site (Banks et al., 1988). Active elements are 
undermethylated and inactive elements that are highly methyl­
ated have low rates of transcription (reviewed by Fedoroff, 
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1989a, 1989b). Inactive elements can be transiently activat­
ed by active En/Spm elements. Since many of the methylation 
sites and the transcription initiation site lie in the left 
end and overlap with the 12 bp motifs, TNPA is implicated in 
the activator function. An active En/Spm element expresses 
TNPA that can bind to the ends of the inactive elements. 
Once bound, TNPA may prevent methylation of these sites by 
blocking the cellular maintenance methylase and allow the 
elements to become transcriptionally active. Therefore, 
complexing of the ends of inactive elements by TNPA is impli­
cated in their activation. 
2.5. Modified En/Spm 
2.5.1. En2/Spm-w 
There are mutant low or weak En/Spm elements (En2/Spm-w) 
that express and trigger low mutability (small and infrequent 
spots) at responsive alleles (McClintock, 1957; Dash, 1991). 
The suppressor, co-expression and activator functions of 
these elements are unaffected (Dash, 1991; Fedoroff, 1989a). 
Only their mutator function is defective. Molecular analysis 
of these weak elements has revealed deletions in the TNPD 
coding region (Masson et al., 1987; Gierl et al., 1988a). 
This is consistent with previous observations and the model 
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for transposition. Deletions of TNPD would not affect TNPA-
associated functions; such as suppression, co-expression and 
activation. Only excision, which depends on both TNPA and 
TNPD activity, would be reduced or abolished. 
These En2/Spm-w elements may only produce functional 
TNPA and no TNPD, since the deletions remove a substantial 
part of the TNPD coding region (Gierl et al., 1988a). The 
few, small excision spots, indicative of these weak elements, 
may result from the somatic activation of cryptic En/Spm ele­
ments which populate the genome. 
2.5.2. The Modifier element 
The Modifier element was defined as a genetic entity 
capable of boosting the mutability of several reporter al­
leles responding to Spm-w to a higher mutability pattern (Mc-
Clintock, 1958). This same phenomenon is reported by alleles 
responding to En2/Spm-w elements in the presence of a stan­
dard En/Spm element. But the Modifier element has no sup­
pressor or mutator function by itself; its presence is only 
reported in the presence of an En2/Spm-w element. 
The Modifier element and similar factors could be defec­
tive elements that express only TNPD (A. Gierl per. comm.). 
Elements exist that have deletions of TNPD and essentially 
only express TNPA (En2/Spm-w) (Gierl et al., 1988a). There­
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fore, elements could exist which have deletions in TNPA and 
will only express TNPD. Based on the transposition model 
(Prey et al., 1990) (Figure 2.3), TNPD alone would elicit no 
response from reporter alleles. For a response to be report­
ed, TNPA must also be present. This TNPA could be supplied 
by the En2/Spm-w, for example. The functional TNPD, produced 
by the Modifier element, would compliment the mutation in 
En2/Spm-w (deletion of TNPD) making the response reported 
resemble that of a standard En/Spm. 
2.5.3. The al-mfr)1102 element 
A factor which acts as a negative modifier of En/Spm 
mutability was described and named Restrainer {Rst) (Peter­
son, 1976). Similar modifiers, named En-malt, have been 
characterized by Reddy and Peterson (1983). A particular 
I/dSpm element, residing in the al-m(r)1102 allele, is capa­
ble of reducing the mutability of autonomous En/Spm elements 
and various responding reporter alleles (Cuypers et al., 
1988; Dash, 1991). The 1102 element, whether at the al-
m(r)I102 allele or independent, does not affect the suppres­
sor or co-expression function of En/Spm nor does it have any 
suppressor function itself (Dash, 1991). This defective 
element only interferes with the mutator function by delaying 
the time and frequency of excision. 
34 
The 1102 element has a deletion from nucleotide 1862 to 
6451 on the Enl map (Figure 2.2), removing part of exon two 
and all of exon three of TNPD and exons two through six of 
TNPA (Cuypers et al., 1988). The promoter and polyadenyla-
tion sequences are retained. It is transcribed to yield a 
chimeric 1.8 kb poly(A) RNA carrying coding sequences from 
both TNPD and TNPA. Using the first AUG codon in exon two, a 
putative 386 amino acid protein would be encoded. This 
protein would have the amino-terminal domain of TNPD and the 
carboxy-terminal domain of TNPA and is named TNPR (Cuypers et 
al., 1988). Most likely TNPR reduces mutability at the 
protein level by interfering with TNPD action. 
2.6. Biological Significance of Transposable Elements 
2.6.1. Role in the genome 
Transposable elements are able to produce sequence 
alterations in the host chromosomal DNA upon excision, as 
described in sections 2.1.1.2. and 2.1.2.2. The presence of 
excision-like "footprints" in an intron of several alleles of 
the waxy gene may indicate previous visitations by transp­
osable elements (Schwarz-Sommer et al., 1985a). These foot­
prints lead to DNA sequence polymorphisms. If the number of 
nucleotides added or deleted is a multiple of three and the 
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footprint occurs in an exon, then an altered protein product 
is possible (Dooner and Nelson, 1979; Nelson and Klein, 1984; 
Wessler et al., 1986). If the insert is in a regulatory 
sequence, new patterns or levels of gene expression may 
result (Coen et al., 1986). Thus, the generation of sequence 
diversity by transposable elements may provide some of the 
genetic variation that plays an important role in evolution. 
The control of gene expression usually involves a cis-
acting module linked to the regulated gene responding to a 
trans-acting protein signal encoded by the regulatory gene. 
Parallels exist between this interaction and the interaction 
between autonomous and defective elements. Defective I/dSpm 
elements by themselves may only partially block (c2-m2, al-
ml) or have no effect (a2-ml) on gene expression, as descri­
bed in sections 2.3.2.1. and 2.4.4.1. above. But the subter­
minal binding of TNPA to these elements totally blocks gene 
expression. Thus, this interaction resembles a negative 
regulatory circuit with the I/dSpm acting as the cis-module 
and TNPA as the trans-acting regulatory protein (Schwarz-
Sommer and Saedler, 1987). Interactions resembling positive 
regulatory circuits also are observed in the En/Spm system. 
The al-m2 allele, described in sections 2.3.2.3. and 
2.4.4.3., produces no anthocyanin due to the I/dSpm inserted 
near the TATA and CAAT boxes. The activating effect of TNPA 
allows partial expression of the A1 gene. Again, TNPA acts 
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in trans, in this example, to positively regulate the expres­
sion of A1 by binding to the I/dSpm in the promoter region. 
If these mobile elements were immobilized by mutations not 
affecting other aspects of their interactions, transposable 
elements could play a role in establishing new regulatory 
circuits (Schwarz-Sommer and Saedler, 1987). 
2.6.2. Role in populations 
The presence of different autonomous elements in various 
lines and populations provides evidence that these elements 
are universally distributed in maize (Peterson, 1986b; Peter­
son and Salamini, 1986; Gierl et al., 1989). Although, there 
is no direct evidence that transposable elements play a 
direct role in providing genetic variability that is advanta­
geous and therefore selected, recent studies on the behavior 
of transposable elements in populations undergoing selection 
for high variability indicate they are maintained and even 
increase in frequency over time (Cormack et al., 1988; Lamkey 
et al., 1991). Conversely, inbreds derived from these popu­
lations, selected for uniformity, show a lack of that same 
autonomous element activity (Cormack et al., 1988). The 
presence of two autonomous elements, Mrh and Uq, in the Iowa 
Stiff Stalk Synthetic (BSSS) breeding population at signifi­
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cant frequencies was further investigated by Peterson (1986b, 
1988). 
The BSSS population has yielded inbreds which account 
for 42% of the hybrids used in the U.S. corn belt (Darrah and 
Zuber, 1986). The BSSS population is maintained by recurrent 
selection, a selection process involving intercrossing of 
several improved lines and then selection of individuals 
superior for certain quantitative traits. This cycle is 
repeated over and over, with no additional genomic input. 
Genetic variability is maintained at a high level to continu­
ally increase the performance of the selected lines 
(Hallauer, 1991). Uq was present in only one of the original 
16 parent lines used to create the original BSSS population 
(BSSSCO) (Peterson, 1986). Over several cycles of selection 
Uq frequency was maintained and even increased, even though 
each cycle of selection concentrates the genome 6%-10% 
(Cormack et al., 1988; Peterson, 1986b). The percentage of 
plants carrying at least one Uq increased from 19% (BSSSCO) 
to 91% [BSSS(S)C13] after 13 cycles of half-sib and Sg proge­
ny recurrent selection (Lamkey et al., 1991). Uq decreased 
from 19% (BSSSCO) to 0% [BSSS(R)C11] after 11 cycles of 
reciprocal recurrent selection, a different selection scheme 
(Lamkey et al., 1991). The extinction of Uq occurred between 
the fifth and sixth cycles of selection. Random genetic 
drift coupled with a selective advantage associated with Uq 
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or a genomic region linked to Uq may be responsible for this 
increase in frequency. 
P elements in Drosophila melanogaster are associated 
with greater quantitative variation in abdominal bristle 
number (McKay, 1984, 1985). Divergent artificial selection 
applied to P~M dysgenic and I-R non-dysgenic founded popula­
tions indicated P-M dysgenesis is more effective in generat­
ing quantitative variation. But similar studies by Torkam-
anzehi et al. (1988) showed no increased selection response. 
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3. MATERIALS AND METHODS 
3.1. Maize Kernel Specific Genes 
The genetic characterization of a new mutable allele in 
maize is facilitated by crossing this mutant to defined 
genetic tester lines. Since mutable alleles of genes ex­
pressed in the maize kernel are easily identified and large 
numbers of kernels can be screened for segregating ratios, 
these tester lines usually carry mutations affecting genes 
expressed in either the kernel aleurone or endosperm or both. 
Anthocyanin pigmentation of the maize aleurone is condi­
tioned by dominant alleles of several structural and regula­
tory genes (Jayaram and Peterson, 1990; Dooner et al., 1991). 
A recessive mutation affecting any one of these genes is 
expressed as a colorless aleurone, if homozygous. The loci 
coding for the structural components of this pathway include 
Al, A2, Bzl, Bz2, C2 and Pr. Two other genes, CI and R, 
regulate the expression of several of these structural genes 
(Dooner, 1983). 
The starch and protein content of the kernel endosperm 
also is controlled by several genes (Btl, Shi, Sh2, 02, VIx) . 
Homozygous recessive mutations affecting any of these loci 
are expressed as various, easily identifiable kernel pheno-
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types, such as a collapsed, sugary, shrunken, brittle or 
floury endosperm. 
Transposable elements are most easily identified and 
characterized when affecting a gene that is expressed in the 
maize kernel. The mutability, as well as changes in the 
mutability pattern, of anthocyanin in the kernel aleurone is 
easy to see and score. Well defined defective element-in­
duced alleles of kernel expressed genes exist. These alleles 
are used as "reporter alleles" to test for the presence of 
trans-activating autonomous elements (reviewed by Peterson, 
1987). A new mutable allele can be related to a known trans­
posable element system by correlating the presence of a 
specific autonomous element with mutability of that new 
allele. This is known as a system test. 
The genetic characterization of the c2-m881058Y mutable 
allele required crossing this mutant to tester lines carrying 
various recessive alleles. A list of the alleles used in 
this study is given in Table 3.1. 
3.2. Scoring of phenotypes 
3.2.1. Notation 
A genotype is described by the name of the allele it 
carries. Italic characters will be used for genes and 
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Table 3.1. Description of alleles of genes expressed in 
the maize kernel. 
Allele Description 
A Dominant allele, colored aleurone; encodes a NADPH 
dependent dihydroquercitin reductase (O'Reilly et 
al., 1985). 
a Recessive to A, colorless aleurone. 
a-ruq A t7g-responsive, recessive allele of A. In the 
absence of Uq, the aleurone is colorless. In the 
presence of Uq, colored spots are expressed on a 
colorless aleurone (Friedemann and Peterson, 1982). 
a-mrh An Afrh-responsive, recessive allele of A. In the 
absence of Mrh, the aleurone is colorless. In the 
presence of Mrh, colored spots are expressed on a 
colorless aleurone (Rhoades and Dempsey, 1982). 
a-dt A Dt-responsive, recessive allele of A. In the 
absence of Dt, the aleurone is colorless. In the 
presence of Dt, colored spots are expressed on a 
colorless aleurone (Rhoades, 1938). 
a-m(r) An En/Spm-responsive, recessive allele of A {a-m(r) 
1102). In the absence of En/Spm, the aleurone is 
colorless. In the presence of En/Spm, colored 
spots are expressed on a colorless aleurone. The 
1102 element produces a product which reduces the 
mutability En/Spm and various reporter alleles (Pe­
terson, 1961; Cuypers et al., 1988). 
a-ml An En/Spm-responsive, recessive allele of A (a-ml 
5719A). In the absence of En/Spm, the aleurone is 
dark pale. In the presence of En/Spm, colored 
spots are expressed on a colorless aleurone (Mc-
Clintock, 1954; Schwarz-Sommer et al., 1985b). 
Bz Dominant allele, colored aleurone; encodes UDP glu­
cose: flavonoid 3-0-glucosyl transferase (UFGT) 
(Dooner and Nelson, 1977; Fedoroff et al., 1984). 
bz Recessive to Bz, bronze colored aleurone. 
bz-m4 An Ac-responsive, recessive allele of Bz. In the 
absence of Ac, the aleurone is bronze. In the 
presence of Ac, purple spots are expressed on a 
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Table 3.1. (continued) 
Allele Description 
bronze aleurone. Linked to a deletion of Sh (Mc-
Clintock, 1956b). 
bz-mut A Afut-responsive, recessive allele of Bz. In the 
absence of Mut, the aleurone is bronze. In the 
presence of Mut, purple spots are expressed on a 
bronze aleurone (Rhoades and Dempsey, 1982). 
bz-rcy A Cy-responsive, recessive allele of Bz. In the 
absence of Cy, the aleurone is bronze. In the 
presence of Cy, small, purple spots are expressed 
on a bronze aleurone (Schnable and Peterson, 1988). 
Cl Dominant allele, colored aleurone; encodes myb-
homologous transcriptional activator (Cone et al., 
1986; Paz-Ares et al., 1986). 
cl Recessive allele, colorless aleurone. 
C2 Dominant allele, colored aleurone; encodes chalcone 
synthase (Wienand et al., 1986). 
c2 Recessive allele, colorless aleurone. 
c2-m2 An En/Spm-responsive, recessive allele of C2. In 
the absence of En/Spm, the aleurone is light pale. 
In the presence of En/Spm, large spots are ex­
pressed on a colorless aleurone (McClintock, 1964). 
Sh Dominant allele, round, plump endosperm; encodes 
sucrose synthase (Choury and Nelson, 1976; Sheldon 
et al., 1983). 
sh Recessive allele, shrunken, slightly collapsed 
endosperm. 
02 Dominant allele, normal, translucent endosperm; 
encodes a leucine zipper transcriptional activator 
of the o-zein storage proteins (Schmidt et al., 
1987). 
o2 Recessive allele, opaque, floury endosperm. 
o2-m(r) A Bg-responsive, recessive allele of 02. In the 
absence of Bg, the endosperm is opaque. In the 
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Table 3.1. (continued) 
Allele Description 
presence of Bg, normal, translucent sectors are 
expressed on an opaque endosperm (Salamini, 1981). 
R Dominant allele, colored aleurone (R-r or R-g); 
complex loci encodes myc-homologous helix-loop-
helix transcriptional activator (Dellaporta et al., 
1988; Bobbins et al., 1991). 
r Recessive allele, colorless aleurone (r-r or r-g). 
r-cu An Feu-responsive, recessive allele of R. In the 
absence of Feu, the aleurone is a variable pale 
(dilute). In the presence of Feu, colored spots 
are expressed on a variably dilute aleurone (Gone-
11a and Peterson, 1977). 
Wx Dominant allele, starchy endosperm consisting of 
amylose and amylopectin; encodes a starch particle 
bound glycosyltransferase (Shure et al., 1983; 
Klôsgen et al., 1986). 
wx Recessive allele, waxy endosperm consisting only of 
amylopectin. 
wx-m8 An Eu/Spm-responsive, recessive allele of Wx. In 
the absence of En/Spm, the endosperm is waxy. In 
the presence of En/Spm, starchy sectors are ex­
pressed in a waxy endosperm (McClintock 1961a; 
Schwarz-Sommer et al., 1984). 
wx-844 A recessive allele of Wx, carrying the standard Enl 
autonomous element. When heterozygous with wx 
expresses a coarse, heavy pattern of starchy sec­
tors in a waxy endosperm (Pereira et al., 1985). 
alleles, such as, waxy or wx or wx-m8. Phenotypes will be 
written in normal characters, such as a waxy endosperm or a 
waxy-mutable (wx-m) endosperm. 
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3.2.2. Abbreviations 
In the text, tables and figures, phenotypes will often 
be abbreviated. A list of phenotypic abbreviations and their 
definitions is given in Table 3.2. 
Table 3.2, Phenotypic abbreviations and definitions. 
Abbreviation Definition 
Bz Colored aleurone, if all other anthocyan-
in genes are in the dominant form. 
bz Bronze colored aleurone. 
bz sp Purple colored spots on a bronze back­
ground. 
CI Colored aleurone. 
cl Colorless aleurone. 
sect Sectored aleurone; usually loss of color 
(Cl to cl). 
sp Colored spots or sectors on the aleurone. 
rd Round, plump endosperm. 
sh Shrunken, collapsed endosperm. 
Wx Wild type, starchy endosperm. 
wx Mutant, waxy endosperm. 
wx-m waxy mutable; wild type starchy sectors 
in a recessive waxy endosperm. 
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3.2.3. Mutability patterns 
3.2.3.1. Aleurone spotting The pattern of mutabili­
ty can be described with respect to both the number (frequen­
cy) and size (timing) of excision spots. Excision events 
early in kernel development give rise to larger colored 
somatic spots than events later in development. Many exci­
sion events lead to more colored spots rather than fewer 
excision events. A standardized two-dimensional scale of 
mutability patterns exists (see Reddy and Peterson, 1984). 
This scale represents an increase in size from "a" (single-
celled spot) to "e" (large sector). It also represents an 
increase in frequency of spotting from "l" (one to two spots) 
to "10" (high number of spots, aleurone almost colored). The 
mutability pattern of a specific unstable allele often ex­
presses itself within a size and frequency range that is 
heritable. Therefore, pattern classifications will reflect 
this and can be written as "l - 2 ab" or "5 - 7 cd", for 
example. 
Initially, two spotting patterns were observed with the 
c2-m881058Y allele and found to be heritable in this study. 
Therefore, a more general classification of spotting pattern 
was used. The more obvious, heavier spotting pattern (4-7 
ac) was designated as "high" mutability. The other finer 
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spotting pattern (1-2 ab) was designated as "low" mutabili­
ty. 
3.2.3.2. Endosperm mutability In this study, the 
recessive and unstable reporter alleles of the IVx gene were 
used. To score the endosperm phenotype, selected kernels 
were filed with a grinding stone to expose a flat endosperm 
surface. This endosperm surface was stained with a dilute 
solution of I2KI. Iodine stains starchy (f/ar) endosperm 
tissue a dark blue-black and waxy (vx) endosperm tissue a 
light red-brown. The stained endosperm tissue of a waxy 
mutable (wx-m) kernel will have sectors of dark blue-black on 
a red-brown background. Again, differences in mutability 
patterns can be distinguished in the endosperm. In this 
study, the pattern of waxy mutable kernels with many, large 
Wx sectors is referred to as "high" and the pattern of ker­
nels with few, small Wx sectors as "low". 
3.3. Plant and cross Identification 
3.3.1. Plant identification 
In the field, plants are numbered according to the 
range, the row and the position within that row. The follow­
ing example explains the plant numbering system. 
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indicates tiller (if no t, 
indicates main stalk) 





(if 90g = greenhouse) 
The plant number is read as; ninety twenty-six fifteen Y dash 
four T. 
3.3.2. Cross identification 
Progeny ears are labelled with a cross identification. 
A cross is identified by either the plant number or the 
genotype of both parents. In either case, the female parent 
is written on the left, the male parent is written on the 
right and an "X", which designates the cross, is in between. 
The "X" is read as "by". The male parent can be written on 
the left but the term "on" is used instead of "X" (by), to 
separate the two parents. The female and male parents of a 
cross may be the same plant. In this case, one number is 
written followed by a "H", which indicates a "self". The 
90 2615Y-4t 
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following examples illustrate crosses using the previously 
defined plant numbering system. 
90 2609-6 X 2508 90 2508 on 2609-6 902718-3 B 
female / male male / female self 
Notice, that in the first two examples, the same cross can be 
written in two different ways. 
Genotypes also may be used to designate parents in a 
cross. The same conventions apply as when using plant num­
bers. Alleles that are genetically linked are either conne­
cted by an underline or are grouped together to one side of a 
"slash" (/). The following examples use both linkage forms. 
a-mfr) sh2 wx-844 ^ a-o Sh2 wx 
a-o sh2 wx a-o Sh2 wx 
a-m(r) sh2/a-o sh2 wx-844/wx X a-o Sh2/a-o Sh2 wx/wx 
The same cross is illustrated in both examples. The A1 
and Sh2 loci are linked and the Wx locus is unlinked. The 
male parent is a homozygous tester and could have been abbre­
viated simply as; a-o Sh2 wx. with the underline signifying 
homozygosity as well as the linkage of a-o to Sh2. 
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3.4. Source Material 
The c2-m881058Y allele originated from a population 
undergoing chromosome breakage on the long arm of chromosome 
four (4L). This breakage {C2-b857246), which results in the 
loss of C2 and other linked genes on 4L, manifested itself as 
a sectored or loss of color (colored to colorless) kernel 
phenotype (Peterson, 1986a). The original C2-b857246 mutant 
was segregating for several active autonomous elements, 
including En/Spm, Ac, Cy and Dt. 
The breakage phenotype did not always segregate with the 
dominant C2 allele and seemed to be nonautonomously contro­
lled (Muszynski and Peterson, 1990). A colored kernel was 
selected from an ear segregating 25% sectored, 25% colored 
and 50% colorless kernels from the cross: C2-b/c2 on c2/c2. 
The plant grown from this kernel was selfed. The selfed ear 
segregated 75% colored and 25% colorless with one exceptional 
spotted kernel. This exceptional spotted kernel was selfed 
and outcrossed to a c2/c2 tester, found to be heritable and 
named c2-m881058Y (Muszynski and Peterson, 1990). This 
pedigree is outlined on the next page. 
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1984 Isolation Plot 
Female source Male source 
84 8005-42 
C2 C Sh bz-m/C sh bz 





(86 4016-2) (4107) 
C2-b/c2 on c2/c2 
(sect) (cl) 
-• 25% Cl : 25% sect 






c2-m/c2 H (cross 1) 
on c2/c2 (cross 2) 
(0923) 
c2-m881058Y 
Figure 3.1. Pedigree of the c2-m881058Y allele. 
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3.5. DNA Manipulations 
3.5.1. Isolation of maize genomic DNA 
DNA from maize plants was isolated from young leaves by 
a mini-prep procedure (Dellaporta et al., 1984a). Typically, 
10 111 (5-10 fig) of the total DNA isolated was digested with 
restriction enzymes and subjected to Southern analysis. 
3.5.2. Isolation of plasmid and phage DNA 
Plasmid DNA was isolated from 1.5 ml overnight cultures 
of positive clones as described by Birnboim and Doly (1979). 
Purification of phage lambda and extraction of lambda DNA was 
as described by Yamamoto et al. (1970). 
3.5.3. Genomic cloning in lambda EMBL4 
The lambda vector EMBL4 (Frischauf et al., 1983) was 
digested with BamHI and vector arms were purified by the 
method of Maniatis et al. (1982). Genomic DNA from a homozy­
gous c2-m881058Y plant was digested to completion with BamHI, 
size fractionated (12-17 kb), ligated to EMBL4 arms and in 
vitro packaged according to Wienand et al. (1982). The E. 
coli strain K803 (Fedoroff, 1983a) was infected with the 
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packaged material (Karn et al., 1980) and screened by plague 
hybridization (Benton and Davis, 1977). Approximately 
360,000 plagues were screened with a 700 bp, C2 specific 
Hinfl probe (Wienand et al., 1986). 
3.5.4. Subclonina into PUC vectors 
One positive clone was identified, by restriction analy­
sis, that contained all of the C2 locus plus an approximately 
3 kb insert. Appropriate restriction fragments were sub-
cloned into pUC9 (Viera and Messing, 1982) and host strain 
MC1061 was transformed by standard procedures (Maniatis et 
al., 1982). 
3.5.5. DNA sequencing 
Dideoxy-seguencing (Sanger et al., 1977) was performed 
using the T7 Seguencing™ Kit (Pharmacia, LKB Biotechnology) 
according to the manufacturer's directions. Seguencing 
primers were synthesized on an Applied Biosystems synthesizer 
(model 380) according to manufacturers' directions. The 
seguence analysis was performed using the GCG (Genetics 
Computer Group) software package. 
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3.5.6. Southern hybridizations 
Genomic or cloned DNA hybridizations were done as de­
scribed by Schwarz-Sommer et al. (1984). 
3.5.7. Radioactive labelling 
Labelling of probes was performed by the random priming 
method according to the protocol supplied by Amersham and as 
outlined by Sommer et al. (1990). 
3.5.8. PGR amplification 
Oligonucleotide primers were selected which were C2 
specific, flanked the insert in C2 and would generate a 340 
bp fragment carrying subterminal Rsal sites. The left C2 
oligo was 5•-TAATTGGGCCGGTTTGATTTTGACG-3' and the right oligo 
was 5'-TGCTGGTACATCATGAGGCGGTTCA-3• (positions 4518-4542 and 
4858-4834, respectively, on the C2 map). 
Excision footprint amplification was done in 100 iJ.1 
total volume, using Pfu (Pyrococcus furiosus) DNA polymerase 
(Stratagene) using the manufacturer's reaction conditions. 
Mini-prep genomic maize DNA (350 ng) isolated from a homozy­
gous c2-m681058Y +En +Med plant was subjected to 30 cycles (1 
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min., 94°C; 1 min., 55*0; 2 min., 75°C) and one final incuba­
tion (7 min., 75°C). 
PGR products were blunt-ended by digestion with i?sal, 
subcloned into pUC9 (Hindi) and host strain MG1061 was 
transformed with the recombinant vector (Maniatis et al., 
1982). Positive subclones were sequenced directly with the 
Pharmacia sequencing kit. 
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4. RESULTS 
4.1. Heritability of c2-m881058Y 
The results of the confirmation tests of the heritabili­
ty of the 5bc spotted exception (c2-m881058Y) originating 
from the C2-b857246 population (Figure 3.1) is given in Table 
4.1. The plant was selfed (cross 1) and outcrossed to a c2 
tester (cross 2). The spotted phenotype was heritable and 
the sectored phenotype associated with the 4L breakage of the 
C2-b857246 mutant was not observed. 
The kernel segregation on the outcrossed ear (cross 2) 
was not significantly different from 3/8 spotted:5/8 color­
less kernels. If the mutability of c2-m881058Y was autono­
mously controlled (an autonomous element at C2), then 1/2 of 
the progeny kernels on the ear from cross 2 would be spotted 
and the other 1/2 colorless. The spotted phenotype would 
always cosegregate with the c2-m allele. This is clearly not 
the case. The 3/8:5/8 ratio (Table 4.2, 2 Factors) indicates 
that c2-m881058Y mutability is non-autonomously controlled 
and that two Factors (undefined autonomous elements) are 
controlling mutability and are segregating independently of 
each other and c2-m881058Y. The ratio of spotted:colorless 
kernels from the selfed ear (cross 1) is not significantly 
different from 45/64:19/64, which is expected with two auton-
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omous elements segregating (Table 4.3). Both ears had a few 
kernels with a low spotted (l-2ab) phenotype. 
4.2. System Test of c2-m881058Y. 
It had been established, by segregation, that the ele­
ment residing at c2-m88l058Y was a defective element whose 
mutability was controlled by two independent Factors (unde­
fined autonomous elements). To ascertain the nature of the 
Factors controlling the mutability of c2-m881058Y, a system 
test was done. A system test will establish to which of the 
eight genetically defined two component transposable element 
systems the c2-m881058Y mutant is related (see section 
2.2.2.1.) 
The usual strategy for a system test is to cross a plant 
carrying the new mutable allele and its controlling Factors 
to different reporter allele tester lines. Each tester line 
is homozygous for a reporter allele for one of the eight 
different transposable element systems. These tester lines 
do not carry the autonomous element they test for, so their 
kernel phenotypes are stable. The appearance of mutability, 
after crossing to the new mutable allele, at any of these 
reporter alleles indicates the presence of their specific 
controlling autonomous element. 
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Table 4.1. Confirmation cross of c2-m881058Y. The 5bc 
spotted exception (88 1058Y) was selfed and 
outcrossed to c2. The number of colored (CI), 
spotted (sp) and colorless (cl) kernels are 
recorded. 
Cross Cl sp-high sp-low cl Total 
(4-7ac) (l-2ab) 
88 1058Y H 4 178 9 68 259 
88 0923/1058Y 3 98 8 184 293 
Table 4.2. Expected ratios for a non-autonomously contro­
lled mutable allele in the cross c2-m/c2 X or 
on c2/c2 with increasing numbers of indepen-
dently segregating controlling Factors. 
Factor # % spotted % colorless % colorless 
(F) {c2-m + F) (c2-jn - F) (C2/C2 ± F) 
1 1/4 1/4 2/4 
2 3/8 1/8 4/8 
3 7/16 1/16 8/16 
4 15/32 1/32 16/32 
5 31/64 1/64 32/64 
6® 63/128 1/128 64/128 
With 6 or more Factors the ratio of spzcl kernels is too 
close to 1/2:1/2 to be distinguished from autonomous 
control. 
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Table 4.3. Expected ratios for a non-autonomously contro­
lled mutable allele in the cross c2-m/c2 E 
with increasing numbers of independently seg­




{c2-m + F) 
% colorless 
(c2-m - F) 
% colorless 
(C2/C2 ± F) 
1 9/16 3/16 4/16 
2 45/64 3/64 16/64 
3® 189/256 3/256 64/256 
With 3 or more Factors the ratio of sp:cl kernels is too 
close to 3/4:1/4 to be distinguished from autonomous 
control. 
Since the reporter alleles are at loci different from 
the new mutable allele locus, all the F^'s will be heterozy­
gous for the anthocyanin genes. Each heterozygous must be 
backcrossed to both the reporter allele tester line and a 
homozygous recessive tester that will uncover the new mutable 
allele. The backcross to the reporter allele line will test 
for the presence of one specific autonomous element. The 
cross to the recessive tester line will reveal if the Factors 
controlling the new mutable alleles' mutability are present. 
In this way, a relationship between the Factors controlling 
mutability of the new mutable allele and each defined autono­
mous element is established. A one-to-one correlation be­
tween the presence of a specific autonomous element and the 
presence of the controlling Factors would implicate that 
autonomous element in controlling mutability of the new 
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mutable allele. This general strategy is outlined in Figure 
4.1. 
Since most transposable element systems have reporter 
alleles at either A1 or Bzl, a modified system test strategy 
was used. Autonomous elements that can be tested for with 
reporter alleles at the A1 locus include En/Spm, Dt, Uq and 
Mrh. Autonomous elements that can be tested for with report­
er alleles at the Bzl locus include Ac, Cy and Mut. To test 
for Feu and Bgr crosses to reporter alleles at other loci were 
done following the general strategy outlined in Figure 4.1. 
new mutable allele 




















on bz-m4 (bz) 
bz-m4 
Tests for the presence 
Ac. 
Figure 4.1. General system test crossing strategy. This 
strategy would test if Ac is the Factor {F) 
controlling c2-jn mutability. 
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A homozygous a-o wx line was developed that does not 
carry any active En/Spm, Dt, Uq or Mrh elements. A homozy­
gous C sh bz wx line also was developed that does not carry 
any active Ac, Cy or Mut elements. Plants from spotted c2-
m881058Y kernels were crossed to both the a-o wx line and the 
C sh bz wx line. Each was then backcrossed to appropriate 
reporter allele tester lines and a c2_ tester. In this way, 
individual plants could be tested for the presence of more 
than one autonomous element and correlated to c2-m881058Y 
mutability. This crossing strategy is outlined in Figure 4.2 
for the a-o wx crosses. 
4.2.1. Test for control of mutabilitv bv Feu 
The reporter allele for the Feu autonomous element is at 
the R locus and is called r-cu. The general system test 
strategy was used, as outlined in Figure 4.1. No active Feu 
elements were found in any of the ears that were or were not 
segregating for c2-m881058Y mutability (Table 4.4). 
4.2.2. Test for control of mutabilitv bv Bar 
The reporter allele for the Bg autonomous element is at 
the opaque-2 locus and is called o2-m(r). The general system 
test strategy also was used for this test. Since o2-m(r) is 
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expressed in the endosperm, individual kernels could be 
screened for both c2-m mutability and o2-m mutability. 
Therefore, some plants were selfed. No active Bgr autono­
mous elements were found in ears that were or were not segre 
gating for c2-m881058Y mutability (Table 4.5). 
(sp) (cl wx) 
A1 c2-m F F ^ Ç2 a-o wx 
A1 c2 Wx - - C2 a-o wx 
T 
(Cl) 
?! M. c2-m/c2 Wx F/- F/-
al C2 wx - -
Each Ful crossed X/on (by or on) a c2/c2 tester and X/on 
one or more of the following reporter allele tester lines: 
al-ml Sh2 (Cl) Tests for the presence of En/Spm 
a-dt (cl) Tests for the presence of Dt. 
a-ruq (cl) Tests for the presence of Uq. 
a-mrh (cl) Tests for the presence of Mrh. 
Figure 4.2. Modified system test strategy. This strategy 
tests if the Factors (F) controlling c2-
m881058Y mutability are En/Spm, Dt, Uq or Mrh 
62 
4.2.3. Test for control of mutability by Ac. Cy or Mut 
The autonomous elements Ac, Cy and Hut can be tested for 
by the reporter alleles bz-m4, bz-rcy and bz-mut, respective­
ly. The modified system test crossing strategy (Figure 4.2) 
was used to determine if any of these autonomous elements 
were related to the Factors controlling c2-m881058Y mutabili­
ty. The results are summarized in Table 4.6. No actiye Ac 
elements were detected in the c2-m681058Y mutant. One Mut 
element was segregating but was not correlated with c2-
m881058Y mutability. Many Cy elements (>4-5) were segregat­
ing in this mutant. But the presence of this autonomous 
element was not correlated with c2-m881058Y mutability. The 
presence of so many Cy elements is expected since many were 
already present in the original C2-b857246 population. 
4.2.4. Test for control of mutability bv En/Spm. Ua. Dt or 
Mrh 
The reporter alleles that test for En/Spm, Uq, Dt and 
Mrh are al-ml, a-ruq, a-dt, and a-mrh, respectively. No 
active Uq, Dt or Mrh elements were found in the c2-m881058Y 
mutant. Two types of En/Spm element were found to segregate 
with the c2-m881058Y mutability. As reported by the al-ml 
allele, a standard En/Spm (En^), similar to Enl, and a low 
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Table 4.4. Test for the relation of c2-m881058Y to Feu. 
For the Feu system test, the F^: R/r-cu 
C2/c2-m ± F (89 4721) was crossed on c2 (89 
4814 - 4837) and either by r-cu (89 2942) or 
selfed. 
Cross e2-m Cross Feu 
Number sp" Number present^ 
89 4721 89 4721 
-1 on 4814 — -1/2942 — 
-2 on 4817 + -2/2942 -
-3 on 4818 + -3/2942 -
-4 on 4837 + -4/2942 -
-5 on 4818 - —5 H -
-6 on 4831 + -6 a -
-7 on 4831 + -7/2942 -
-8 on 4818 - -8 a -
-9 NA° -9/2942 -
-10 on 4818 - -10/2942 — 
-11 on 4837 + -11/2942 -
-12 NA -12/2942 -
-13 on 4818 - -13/2942 -
-14 on 4818 + -14/2942 -
-15 on 4831 -15/2942 
A "+" indicates c2-m mutability is segregating and a 
indicates no c2-m mutability is segregating on that 
progeny ear. 
A "+" indicates Feu is segregating and a indicates 
Feu is not segregating on that progeny ear. 
Data from that cross are not available. 
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Table 4.5. Test of relation of c2-m881058Y to Bg. For 
the Bg system test, the F^: C^/C 02/o2-m(r) 
c2-m/C2 ± F (89 4722) was crossed X/on c2 (89 
4810 - 4837) and on/X o2-mfr) (89 2939) or was 
selfed. 
Cross c2-m Cross Bg 
Number sp^ Number present® 
89 4722 89 4722 
-1/4817 + -1 on 2939 -
-2/4817 + -2 on 2939 — 
-3/4810 - -3 on 2939 — 
-4 B + -4 B -
-5/4817 + -5 on 2939 -
-6/4817 - -6 on 2939 -
-8 B - -8 a — 
-9 on 4818 - -9/2939 -
-10 on 4818 + -10 NA° 
-11/4816 + -11 on 2939 -
-12 B + -12 a — 
-13 on 4837 - -13/2939 -
-14 on 4818 — -14/2939 
A "+" indicates c2-m mutability is segregating and a 
indicates no c2-m mutability is segregating on that 
progeny ear. 
A "+" indicates Bg is segregating and a indicates Bg 
is not segregating on that progeny ear. 
Data from that cross are not available. 
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Table 4.6. Test of relation of c2-m881058Y to Ac, Cy and 
Mut. The genotypes and row numbers of the 
and reporter allele testers are given below. 
The F2 was crossed X/on a c2 tester (left 
column) and on/X as many of the reporter al­
lele testers as possible. 
Ft Genotype: C sh bz wx c2-m/c2 F/- Fl / —  
C Sh Bz Wx C2 -
(89 4723 - 4725) 
Reporter Allele bz-m4 C2 bz-rcy C2 bz-•mat C2 
Genotypes : bz-m4 C2 bz-rcy C2 bz-mut C2 
(2933 - 2936) (2925 - 2928) (2929 - 2932) 
Fl c2-m c2-m Ac Cy Mut 
Number sp* sp^ present present present 
4723-1 — — — NA'^  
4723-2 - - - + NA 
4723-4 NA NA - + NA 
4723-5 + + - + NA 
4723-6 - - - NA -
4723-7 - - - NA -
4723-9 + + NA + 
4723-10 - - NA + NA 
4723-12 - - NA NA 
4723-13 - - NA + NÂ 
4723-14 - - NA + -
4723-15 + + NA + NA 
4724-1 + + - NA NA 
4724-2 - - - NA NA 
4724-3 + - NA NA -
4724-4 - - - NA -
4724-5 - - NA + NA 
4724-6 + - NA NA -
4724-7 + - NA NA -
4724-8 NA NA NA + NA 
4724-9 - - - NA NA 
4724-10 + + NA NA + 
4724-11 - - NA NA NA 
sp* Spotted high (4-7ac) kernels present (+) or absent (-). 
sp^ Spotted low (l-2ab) kernels present (+) or absent (-). 
® A "+'• indicates 4-5 or more Cy elements are segregating 
on that ear. 
^ data from that cross are not available 
° A "+•' indicates 1 Mut element is segregating on that 
ear. 
66 
Table 4.6. continued. 
Fi Genotype: C sh hz wx c2-m/c2 F/- Elz 
C Sh Bz Wx C2 - — 
(89 4723 - 4725) 
Reporter Allele Ç2 bZ'-rcy C2 bz-•mut C2 
Genotypes : bz-m4 C2 bz'-rcy C2 bz-•mut C2 
(2933 - 2936) (2925 - 2928) (2929 - 2932) 
Fl c2-m c2~m Ac Cy Mut 
Number sp" spL present present present 
4724-12 — — NA + NA 
4724-13 - - - NA NA 
4724-14 - - NA + NA 
4724-15 - - NA + NA 
4725-1 NA NA NA NA + 
4725-2 - - - NA NA 
4725-3 + - NA + NA 
4725-4 + - NA + NA 
4725-6 NA NA NA + NA 
4725-7 + + NA + NA 
4725-8 NA NA NA NA + 
4725-9 - - - NA NA 
4725-10 - - NA + NA 
4725-11 + - NA NA -
4725-12 - - NA NA + 
4725-13 NA NA NA NA -
4725-14 + - NA + NA 
4725-15 — — — NA NA 
En/Spm (En^), similar to En2, were found segregating with c2-
m881058Y mutability. Further, the En^ segregated with the 
c2-m881058Y spotted high (4-7ac) phenotype and the En^ segre­
gated with the c2-m881058Y spotted low (l-2ab) phenotype. 
This implicates En/Spm as being the Factor controlling c2-
m881058Y mutability. But, the total number of En/Spm ele­
ments, as reported by the al-ml cross, did not correlate with 
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the total number of Factors controlling c2-m881058Y mutabili­
ty, as reported by the g2_ cross. The cross to c2 always had 
too few c2-m spotted, given the number of En segregating. 
This discrepancy will be addressed in the next section. The 
results from these system tests are summarized in Table 4.7. 
4.3. Factors Controlling Mutability of c2-m88l058Y 
4.3.1. Test of En/Spm as sole controlling Factor 
En/Spm is implicated in controlling the mutability of 
c2-m881058Y (Table 4.7). But, given the number of En report­
ed by the cross to al-ml. the percentage spotted kernels 
appearing on ears from the c2 cross is lower than expected. 
All of the observed percentage spotted are significantly 
different from the expected percentage spotted at the 5.0% 
level on a test. This is summarized in Table 4.8. The 
expected percentage c2-m spotted is taken from Table 4.2. If 
En was the sole controlling Factor of c2-m881058Y mutability, 
then the observed percentage c2-m spotted would be closer to 
the expected. Because the observed percentage spotted is 
less than the expected percentage spotted, some Factor other 
than En/Spm also may be necessary for c2-m881058Y mutability. 
This would be the first case of a defective element requiring 
two different Factors for mutability. 
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Table 4.7. Test of relationship of c2-m881058Y to En/Spm, 
Uq, Dt and Mrh. The genotypes and row numbers 
of the F2 and reporter allele testers are 
given below. The was crossed X/on a c2 
tester (left column) and on/X as many of the 
reporter allele testers as possible. The 
number and type of En element is recorded. 
F2 Genotype: a-o vrx c2-m F/- F/-
A Wx C2 -
(89 4726 - 4729) 
Reporter Allele al-ml Sh2 a-rug a-dt a-mrh 
Genotypes; al-ml Sh2 a-rug a-dt a-mrh 








En^ En^ Uq Dt Mrh 
4726-1 + — NA^ NA — NA NA 
4726-2 + - 1 0 NA - -
4726-3 + + NA NA NA NA -
4726-4 - - NA NA - - NA 
4726-5 - + NA NA NA - NA 
4726-6 + + 2 2 NA NA NA 
4726-7 + - NA NA - NA NA 
4726-8 + + 1 1 - - NA 
4726-9 + - NA NA - NA -
4726-10 + + NA NA - NA NA 
4726-11 NA NA NA NA NA NA NA 
4726-13 + - NA NA NA NA NA 
4726-14 + - 1 0 - NA NA 
4727-1 + - NA NA - - NA 
4727-2 + - NA NA NA NA -
4727-3 + + 1 1 NA - -
4727-4 NA NA 1 0 NA NA NA 
4727-5 + + NA NA - NA -
4727-6 - - NA NA NA - NA 
4727-7 + - 1 0 - NA -
4727-8 + - NA NA NA NA NA 
4727-9 + + NA NA NA NA NA 
4727-10 + - • NA NA NA NA -
4727-11 + + 1 1 — — NA 
sp" Spotted high (4-7ac) kernels present (+) or absent (-). 
sp^ Spotted low (l-2ab) kernels present (+) or absent ( 
En" A Standard En, similar to Enl. 
En^ A low En, similar to En2. 
data from that cross are not available 
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Table 4.7. continued. 
F2 Genotype: a-o wx c2-m F/- F/-
A Wx C2 - -
(89 4726 - 4729) 
Reporter Allele al-ml Sh2 a-rua a-dt a-mrh 
Genotypes: al-ml Sh2 a-ruq a-dt a-mrh 








En^ En^  Uq Dt Mrh 
4727-12 — — 1 1 NA — NA 
4727-13 + - 1 0 NA - -
4727-14 - - 0 0 - NA -
4728-1 + - 2 0 NA NA NA 
4728-2 + + 2 1 NA - NA 
4728-3 + + 1 1 - NA NA 
4728-4 + - NA NA NA - NA 
4728-5 - - 0 0 - - -
4728-6 NA NA 1 0 NA NA NA 
4728-7 - - NA NA NA NA NA 
4728-8 + + NA NA NA NA NA 
4728-9 - + 0 1 - NA NA 
4728-10 + + NA NA - NA -
4728-11 - - NA NA NA - NA 
4728-12 - - NA NA NA - -
4728-13 - - NA NA NA NA -
4728-14 NA NA 0 1 NA - NA 
4729-1 + - 1 0 NA NA NA 
4729-2 + - NA NA - NA NA 
4729-3 NA NA NA NA NA NA -
4729-4 + - 2 0 NA NA NA 
4729-5 - - NA NA NA - NA 
4729-7 - + 0 1 NA NA NA 
4729-16 + - NA NA - NA -
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Table 4.8. Discordance between the percentage expected 
c2-m881058Y spotted and percentage observed 
spotted. The percentage expected c2-m spotted 
is based on the number of En/Spm reported by 
the cross to al-ml (Table 4.7). 
F 2 En percent c2-m spotted 
Number Number Expected Observed 
4726-2 1 25.00%^ 18.50%b 
4726-6 4 46.88% 40.41% 
4726-8 2 37.50% 23.23% 
4726-14 1 25.00% 23.47% 
4727-3 2 37.50% 26.52% 
4727-11 2 37.50% 31.12% 
4727-12 2 37.50% 00.00% 
4727-13 1 25.00% 20.55% 
4728-2 3 43.75% 27.78% 
4728-3 2 37.50% 26.44% 
4728-9 1 25.00% 16.52% 
4729-1 1 25.00% 19.71% 
4729-4 2 37.50% 34.27% 
4729-9 2 37.50% 22.12% 
Percentage expected taken from Table 4.2. and rounded up 
to the nearest two decimal places. 
Percentage observed rounded up to the nearest two deci­
mal places. 
A number of the F^'s resulting from the cross to either 
C sh bz wx or a-o wx were fortuitously crossed to a c2 wx-m8 
tester when testing for the presence of c2-m mutability. 
Because all the F^'s were heterozygous for wx, 50% of the 
progeny kernels from the cross to c2 wx-m8 could be screened 
for waxy mutability (wx-m). The wx-m8 allele has a 2.2 kb 
Spm-I8 insert that responds specifically to En/Spm (Schwarz-
Sommer et al., 1984). In the presence of En/Spm, the endo­
sperm of kernels carrying the wx-m8 reporter allele will show 
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wx-m when stained with IjKI. In the absence of En/Spm, the 
vx-m8 reporter allele is stable and the endosperm will stain 
uniformly wx. In this way, some of the progeny kernels were 
screened simultaneously for the presence of c2-m mutability 
in the aleurone and waxy mutability in the endosperm. This 
cross would clarify the relationship between En/Spm and the 
Factors controlling c2-m881058Y mutability. The data from 
these ears are summarized in Table 4.9. 
If En/Spm is the sole controlling Factor of c2-m muta­
bility, then a spotted aleurone would always co-segregate 
with a waxy mutable endosperm and a colorless aleurone would 
always co-segregate with a waxy stable endosperm. There will 
be a strict correlation between spotting and waxy mutability. 
The data in Table 4.9 shows that all the spotted kernels are 
also waxy mutable. There are no spotted waxy stable kernels 
segregating in this cross. But not all of the colorless 
kernels are waxy stable; some are waxy mutable. En/Spm is 
present in these kernels yet the aleurone is not spotted. An 
alternative hypothesis is that an independent Factor is 
controlling c2-m88l058Y mutability and an unlinked En/Spm 
also happens to be segregating in this cross. If this is 
true, then there would be no correlation between c2-m spot­
ting and wx-m8 mutability. The expected segregating pheno-
types for these two hypotheses are summarized in Table 4.10. 
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From the results of the cross given in Table 4.9, it is 
clear that neither Hypothesis A (En controls mutability) nor 
Hypothesis B (independent Factor controls mutability) explain 
the observed results. All c2-m/c2 wx-m8/wx kernels that are 
spotted also are wx mutable; none are wx stable. Therefore 
En is required to trigger c2-m mutability. But not all of 
the colorless kernels are wx stable; some are wx mutable. 
This indicates that the presence of En alone is insufficient 
to trigger mutability at c2-m. Some of the c2-m/c2 wx-mS/wx 
kernels are wx mutable; they have En. Of the wx mutable ker­
nels, some are colorless and some are spotted. A Factor, 
other than En, is segregating and also is implicated in con­
trolling c2-m mutability. Some of the c2-m/c2 wx-m8/wx 
kernels do not have En} they are wx stable and they are all 
colorless. There is no class of kernels which is both spot­
ted and wx stable. This indicates that the independent 
Factor alone is unable to trigger c2-m mutability. Both En 
and this Factor coordinately control the mutability of the 
receptor element residing at c2-m681058Y. This Factor is 
named Mediator, because it mediates an interaction between 
En/Spm and the insert at c2-m881058Y. 
If the hypothesis that c2-m681058Y mutability is coordi­
nately controlled by both En/Spm and Mediator, then segregat­
ing ratios of spotted and colorless kernels can be predicted. 
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Table 4.9. Correlation between c2-m881058Y mutability and 
wx-mS mutability. The F^'s were either from 
Table 4.6 or 4.7 and were crossed on a c2 
wx-m8 tester (89 3048 - 3060). The various 




CI spotted colorless 
Wx wx-m WX Wx wx-m WX 
4723-15 183 73 51 0 19 15 19 
on 3057 
4724-1 175 71 43 0 28 11 24 
on 3057 
4724-6 201 46 40 0 59 16 22 
on 3058 
4725-3 237 70 47 0 49 15 31 
on 3052 
4725-4 186 45 43 0 46 28 13 
on 3052 
4725-11 236 63 44 0 43 7 32 
on 3059 
4725-14 227 76 46 0 49 17 28 
on 3060 
4726-2 253 45 42 0 73 15 54 
on 3060 
Table 4.10. Expected kernel phenotypes from the cross; c2-
m/C2 Wx/wx on g2_ wx-m8. Only 25% of the 
progeny kernels, which are of the genotype c2-
m/c2 wx-m8/wx, are informative and therefore 
included in this table. 
Hypothesis A Hypothesis B 
Presence Presence 
of En c2-m wx-m8 of Factor c2-m wx-m8 
+ sp wx-m + sp wx-m 
+ sp wx-m — cl wx-m 
- cl wx + sp wx 
— cl wx — cl wx 
Hypothesis A: En alone controls mutability at c2-m. 
Hypothesis B; An independent Factor, unrelated to En, con­
trols mutability at c2~m. 
74 
based on the segregation of these two Factors. Table 4.11 
summarizes the expected ratios of various kernel phenotypes 
based on the hypothesis that one En/Spm and one Mediator 
(Med) must both be present in a kernel for c2-m spots to 
result. 
The observed ratios from Table 4.9 were tested against 
the expected ratios in Table 4.11, which are based on in­
creasing numbers of independently segregating En and Media­
tor, by a chi-square (xf) test. Any significant deviation 
from the expected ratios would indicate that the two Factor 
control hypothesis was not valid. The number of En and 
Mediator segregating in the crosses recorded in Table 4.9 is 
reported in Table 4.12, along with the results. 
The test of the data (with 5 d.f.) in Table 4.12 
indicates that the number of independently segregating En and 
Mediator can be calculated fairly accurately using the ex­
pected ratios from Table 4.11. Also, the two Factor control 
hypothesis seems to be valid. Tests to confirm the require­
ment of En and Mediator for c2-m881058Y mutability are re­
ported in the next section. 
4.3.2. Confirmation of requirement for Mediator 
Plants from kernels that were c2-m88l058Y spotted-high 
(spH) waxy mutable-high (wx-mf) were crossed by and on c2 wx-
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m8. The results from these crosses were compared to the 
expected ratios calculated in Table 4.13, which are based on 
the hypothesis that c2-m881058Y requires both En and Mediator 
for mutability. The data from the above crosses are reported 
in Table 4.14. 
The observed ratios are not significantly different from 
the expected ratios with various numbers of segregating En 
and Mediator. That these observed ratios (Table 4.14) can be 
explained by the two Factor hypothesis and the c2-m881058Y 
spotting continues to cosegregate with waxy mutability but 
the waxy mutability does not always cosegregate with the 
spotting, supports the two Factor control hypothesis. Fur­
ther crosses were done in order to reconstitute the c2~ 
m881058y mutability. 
To confirm the requirement of Mediator (Med) for c2-in 
mutability, colorless waxy (wx) kernels {c2-m/c2 wx-m8/wx ± 
Med) were selected from crosses similar to those given in 
Table 4.9. These kernels do not carry an active En^ which is 
reported by their wx stable phenotype. They are also expect­
ed to be segregating for Mediator. Plants from these kernels 
were crossed to plants from colorless waxy mutable sib ker­
nels (c2-m/c2 wx-m8/wx + En) and to a c2/c2 wx-844;;En/wx 
tester (Figure 4.3). The colorless waxy mutable sib kernels 
carry an active En (they are wx mutable) but they do not 
carry Med (they are colorless). The c2 wx-844 tester carries 
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Table 4.11. Expected ratios for coordinate control of c2-
m881058Y mutability by En/Spm and Mediator. 
The expected ratios are for the cross c2-m/C2 
Wx/wx X/on c2 wx-m8 with increasing numbers 
of both En/Spm and Mediator. 
# of # Of CI SDotted colorless 
En Med Wx wx-m Wx wx-m WX 
1 1 8/16 1/16 1/16 3/16 1/16 2/16 
1 2 16/32 3/32 3/32 5/32 1/32 4/32 
1 3 32/64 7/64 7/64 9/64 1/64 8/64 
2 1 16/32 3/32 3/32 5/32 3/32 2/32 
2 2 32/64 9/64 9/64 7/64 3/64 4/64 
2 3 64/128 21/128 21/128 11/128 3/128 8/128 
3 1 32/64 7/64 7/64 9/64 7/64 2/64 
3 2 64/128 21/128 21/128 11/128 7/128 4/128 
3 3 128/256 49/256 49/256 15/256 7/256 8/256 
4 1 64/128 15/128 15/128 17/128 15/128 2/128 
4 2 128/256 45/256 45/256 19/256 15/256 4/256 
4 3 256/512 105/512 105/512 23/512 15/512 8/512 
Table 4.12. Calculation of the number of segregating En 
and Mediator. The cross is: c2-m/C2 Wx/wx on 
c2/c2 wx-m8/wx-m8 and is taken from Table 4.9. 
Male En Mediator X2 
Number Number Number Test 
4723-15 2 3 NS^ 
4724-1 2 3 NS 
4724-6 2 2 NS 
4725-3 2 2 NS 
4725-4 3 1 NS 
4725-11 2 2 16.68^ 
4725-14 2 2 NS 
4726-2 1 2 NS 
not significant at the 1.0% level 
significant at the 1.0% level 
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Table 4.13. Expected ratios for coordinate control of c2-
m881058y mutability by En/Spm and Mediator. 
The expected ratios are for the cross c2-m/c2 
wx-m8/wx X/on c2 wx-m8 with increasing num­
bers of both En/Spm and Mediator. 
# of # of SD wx-m a cl wx-m cl wx 
En iEn":En^)^ Med (spH:spL)C 
1 1 1/8 3/8 4/8 
1 2 3/16 5/16 8/16 
1 3 7/32 9/32 16/32 
1 4 15/64 17/64 32/64 
2 (1:1) 1 3/16 (2:1) 9/16 4/16 
2 (1:1) 2 9/32 (2:1) 15/32 8/32 
2 (1:1) 3 21/64 (2:1) 27/64 16/64 
2 (1:1) 4 45/128 (2:1) 51/128 32/128 
3 (1:2) 1 7/32 (4:3) 21/32 4/32 
3 (2:1) 1 7/32 (6:1) 21/32 4/32 
3 (1:2) 2 21/64 (4:3) 35/64 8/64 
3 (2:1) 2 21/64 (6:1) 35/64 8/64 
3 (1:2) 3 49/128 (4:3) 63/128 16/128 
3 (2:1) 3 49/128 (6:1) 63/128 16/128 
4 (1:3) 1 15/64 (8:7) 45/64 4/64 
4 (2:2) 1 II (12:3) II II 
4 (3:1) 1 11 (14:1) 11 11 
4 (1:3) 2 45/128 (8:7) 75/128 8/128 
4 (2:2) 2 II (12:3) II II 
4 (3:1) 2 II (14:1) II II 
4 (1:3) 3 105/256 (8:7) 135/256 16/256 
4 (2:2) 3 II (12:3) II II 
4 (3:1) 3 II (14:1) II II 
includes both spotted-high waxy mutable-high and spot­
ted-low waxy mutable-low kernels 
ratio of standard En to low En 
ratio of sp" wx-m^ to sp^ wx-m^ 
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Table 4.14. Segregation of En and Mediator upon outcross­
ing c2-m881058Y. Plants were grown from spot­
ted-high waxy mutable-high kernels of the 
genotype: c2-m/c2 wx-m8/wx + En + Med (90 
5626Y) and crossed by and on g2_ wx-m8 (90 
5515-5528). The ratio of sp;cl kernels was 
used to calculate the number of En and Med 
segregating in each cross. A test was 
performed to test whether the observed ratios 















-1/5521 3 71 41 221 1,1 3 NS° 
5519/-1 3 22 5 125 1,1 1 NS 
-2/5525 4 151 0 324 2,0 3 NS 
5521/-2 5 83 0 215 2,0 2 NS 
-3/5521 3 143 10 231 3,1 3 NS 
5519/-3 3 43 1 116 3,1 1-2 NS 
-4/5521 1 133 39 354 2,1 2 NS 
-6/5526 2 113 25 278 2,1 2 NS 
5524/-6 4 55 13 172 2,1 2 NS 
-7/5526 1 61 27 191 1,1 3 NS 
includes both wx-m and wx kernels 
number of standard En, number of low En 
not significant at the 5.0% level 
the standard Enl. The c2 wx-844::En line also was crossed to 
plants from cl wx-m kernels (c2-m/c2 wx-m8/wx + En), to check 
if the wx-844:: En line might also be segregating for Media­
tor. No Mediator activity was found in any of the c2 wx-










Will the standard Enl trigger 
c2-m when Mediator is present? 
± Med Y c2-m wx-m8 En 
c2 wx -
(cl wx-m) 
Is Mediator segregating 
in the cl wx class of 
kernels? 
Figure 4.3. Reconstitution strategy for c2-m881058Y. 
Plants grown from cl wx kernels were crossed 
to sib plants from cl wx-m kernels to test for 
segregation of Mediator in the cl wx class. 
The plants from cl wx kernels were also 
crossed to the standard Enl, as a control. 
Of the 19 plants grown from colorless wx kernels and 
tested in the sib cross, 12 produced ears segregating for 
spotted kernels. These 12 plants were segregating for one or 
more genetically active Mediators. Nine of these 19 plants 
also were crossed to the c2 wx-844::En tester. The six 
plants that carried Med, as determined from the sib cross, 
produced ears with spotted kernels when crossed to c2 wx-844. 
The three plants that did not carry Med, as determined from 
the sib cross, produced ears with only colorless kernels when 
crossed to c2 wx-844 (Table 4.15) Two conclusions can be 
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drawn from these data. One, the reconstitution of c2~m 
spotting on progeny ears from the sib cross confirms that Med 
is segregating in the colorless wx kernels and is coordi-
nately required with En for mutability. Two, the reconstitu­
tion of c2-m spotting on progeny ears from the c2 wx-844 
cross proves that the mutant originating En is as competent 
as the standard Enl in triggering c2-m mutability. 
4.3.3. Test for suppressor function of Mediator 
Mediator does not trigger I/dSpm elements (wx-m8, al-ml) 
to excise (Tables 4.7, 4.8, 4.9 and 4.14); therefore it does 
not have the mutator function of En/Spm. But Mediator may 
interact with other I/dSpm elements at the suppressor level. 
To correlate c2-m mutability with the presence of En/Spm, c2-
m was crossed to al-ml. The al-ml allele is dark pale (al­
most CI) in the absence of En/Spm and colorless with Cl spots 
in the presence of En/Spm. If Mediator has any suppressor 
function, colorless, non-spotted kernels would be expected to 
segregate on those backcrossed ears. The results are in 
Table 4.16. No colorless kernels are found on the ears 
crossed to al-ml. Therefore, Mediator does not have the 
suppressor function of En/Spm. Mediator only shows activity 
with the defective element at the c2-m881058Y allele, while 
an En/Spm element also is present. 
81 
Table 4.15. Test for the segregation of Mediator in cl wx 
kernels to confirm the coordinate control of 
c2-m881058Y mutability. Plants from cl wx 
kernels {c2-ra/c2 wx-m8/wx ± Med®) were 
crossed to plants from cl wx-m sib kernels 
{c2-m/c2 wx-m8/wx + En^) and to a c2/c2 
wx-844::En/wx line. 
Plant Number 
Presence of spotted kernels on ears from 
sib cross wx-844::En cross 
90 5627-1 + + 
90 5627-2 + + 
90 5627-3 + + 
90 5627-4 - -
90 5627-5 + + 
90 5627-6 + NA° 
90 5629-1 + + 
90 5629-2 + + 
90 5629-3 - -
90 5629-5 + NA 
90 5629-6 NA + 
90 5629-7 NA + 
90 5629-8 - -
90 5631-1 + NA 
90 5631-2 - NA 
90 5631-3 - NA 
90 5631-4 - NA 
90 5631-5 + NA 
90 5631-6 + NA 
90 5631-7 - NA 
90-5631-8 + NA 
® ± Med in a genotype indicates one or more genetically 
active Mediators may be segregating. 
^ + En in a genotype indicates one or more genetically 
active standard and/or low En/Spm elements is segregat­
ing. 
NA° data from that cross are not available 
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Table 4.16. Test for a suppressor function of Mediator. 
plants {c2-m/C2 a-o/A Wx/wx ± Med ± En) 
were crossed X/on c2 and on al-ml (data taken 
from Table 4.7). If Mediator has a suppressor 
function, it would result in the segregation 
of colorless, non-spotted kernels on the ear 
crossed to al-ml. The number of kernels of 






CI sp* sp^ cl Total 
89 4726-2 2 225 95 0 0 320 
89 4726-6 3 83 58 18 0 159 
89 4726-8 1 321 86 79 0 486 
89 4726-14 3 224 75 0 0 299 
89 4727-3 2 231 81 42 0 354 
89 4727-7 3 209 44 0 0 253 
89 4727-11 2 194 50 45 0 289 
89 4727-12 0 291 130 62 0 483 
89 4727-13 2-3 337 119 0 0 456 
89 4728-1 3 418 204 0 0 622 
89 4728-2 1 278 158 26 0 462 
89 4728-3 2 299 110 58 0 467 
89 4728-9 2 359 0 110 0 469 
89 4729-1 3 306 98 0 0 404 
89 4729-4 3 239 160 0 0 399 
89 4729-9 1 230 162 0 0 392 
^ the number of Mediator was calculated from the cross to 
c2 using the ratio of sp:cl kernels and the expected 
ratios from Table 4.9. 
83 
4.4. Nature of the Insert at c2-m88l058Y 
4.4.1. Molecular characteristics of the Irma element 
Results from genomic Southern blot analysis of C2, c2-m, 
and C2^®^ homozygotes show that the c2-m allele has an insert 
of about 3 kb (Figure 4.4). A 14.3-kb BajnHI fragment, con­
taining the entire c2-m allele, was cloned into the lambda 
vector EMBL4. The insert was mapped to the second exon of 
C2, subcloned, and sequenced. Sequencing of the insert 
revealed the four following points: 1) the insert is inserted 
in position 4754 of exon two of C2; 2) it created a 3-bp host 
sequence duplication (HSD) upon insertion; 3) it is 3326 bp 
long; and 4) it shows a relation to the Inhibitor {dSpm) 
defective element (Figure 4.5). The ends of the element, 
from positions 1 - 248 and 1939 - 3326, are homologous to the 
left and right ends of Enl, respectively (Figure 4.6, 4.7). 
An internal region (position 249 - 1938) shows no Enl homolo­
gy (Figure 4.5). This element is identical to the insert 
from the btl-m allele reported by Sullivan et al. (1991). 
The entire sequence is presented in the Appendix. 
Many nucleotide changes are present in and between the 
subterminal 12-bp binding motifs within the Enl homologous 
ends. Also, the most internal nucleotide of the right TIR is 
changed such that this element has 13-bp imperfect TIRs. 
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Figure 4.4 Polymorphism associated with the c2-m881058Y 
allele. Genomic DNA was double-digested with 
BamHI and probed with the 700-bp C2 specific 
Hinfl fragment. The genotypes run in each 
lane are 1) C2/C2, 2) c2/c2, 3) C2^^^/c2, and 




Figure 4.5 Structure of the Irma element insert in c2-
m881058Y. The En/Spm homologous regions are 
from positions 1-248 of the left end and posi­
tions 6896-8287 of the right end of Enl. Grey 
boxes indicate the highly structured termini. 
Large open boxes represent part of the first 
untranslated exon and the terminal TNPA encod­
ing exons of Enl (adapted from Fig. 1, Frey et 
al., 1990) The non-Enl Irma (nEI) sequence is 
represented by the dark, filled, narrow box. 
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1 CACTACAAGAA&AT6TT0A&GAAGT6TCA6TTA&.TAAAAAAT6TC66SG 49 
I  I I  I  I I I  
1 CACTACAA.0AAAAC6ICAAA6OAOTGTCA6TTAATTAAA6AaTGTC66aO 50 
50 CCCAC&CTCTTAATC6AA0TAAAA6T6T660TTTT6TT6CACCGACACTC 99 
I  I  
51 CC8&CACTCTTAATCaAA6TAAAA6T6TGOOTTTIGCTaCACC6ACACTC 100 
100 CTAATTTAAOAOTGTCGGGGTCCCOCAGAAACCOACACTTTTAATTTAAA 149 
I  M i l  
101 TTAATTTAAGAOTGTCGGGOTCCCQATOAAACCQACaCTTTTAATTTAAO 150 
150 AQTGIGAQTTITTICTACACCGACACICTTATGGATTTTACCCTAA..TC 197 
I I I  I I  I I  
151 AOTGTO.GGTTTTTCCACACCOACACTCTTATGAATGTTACCCTAAATTC 199 
198 CCCAATCCIATGCTACA...GTCGCGCGTCTCCTACCTOTTCTACCGCTG 244 
I  I I I  I  I  I  I I  I I  I I  I  
200 CCCAATCCTATTCTACAGCC6TCQT6CTTCTTCTCTCCITTCT..CCCTO 247 
**** 
245 CGCGIATCTCCTA 
I  M i l l  M  
248 CCCG CCGT 
Figure 4.6. Comparison of the left 250 nucleotides of Irma 
and Enl. The upper sequence is of Irma and 
the lower sequence is of Enl. Sequence dif­
ferences are denoted by j between the upper 
and lower sequences. The 13-bp TIRs are indi­
cated by »», active TNPA binding motifs are 
numbered and indicated by ====> and cryptic 
TNPA binding motifs are indicated by >. 
Cryptic motifs share significant sequence 
homology to the motif consensus but are not 
bound by TNPA in in vitro binding assays. The 
12-bp TNPA binding motif consensus is 
CCG-C-CT-TT-. with invariant nucleotides un­
derlined. 
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3000 ACTQGOAT.TGAAA&AAATTtFATTCAOTAAGAOTGTCOQCCCCCCACATT 3048 
I l  I I  I  I  I  I  
7962 AATiaSATATTAAAAAAAATTATTCACTAAOAGTGTCGO.CCCCCACACT 8010 
3049 CTTATATGCGCCCAGOTAaGCTAGTGACCSCGCGCACAGTAAOAGTGTCC 3098 
I I  I  I I  I  I  I I  
8011 CTTATATGCGCCCAGGTAGCITACTQA.TGTGCGCGCAGTAAGAGTG.AC 8058 
3099 GCCCACGTCACTGGCCSACACICTTAACAIAQGAOTGTCaGTTGTGIGTT 3148 
I  I I  I I  I I  
8059 GOCCACOOTACTOGCCGACACTTTTAACATAAQASTGTCGOTIQCnOTT 8108 
3149 GAA.CGACACTCTTAATTTAAGAQTGTCOGTCCCCACACTTCIATCAGAA 3197 
I  I  I I  I  I I  
8109 GAACCGACACTTTTAACATAAGAGCOICGOTCCCCACACTTCTATACGAA 8158 
3198 TAAGAGC6TCCATTTTAQAQTGICQ0CIAAGAGIGTCGGICAACC0ACAC 3247 
I  
8159 TAAGAGCGTCCATTTTAGAGTGACQGCTAASAOTOTCaGTCAACCGACAC 8208 
3248 TTTTATACTAAQAGTGTCGGCTXATTTCAOTAAGAOTGaxSGGITTTTGGC 3297 
I  I  I  
8209 TCTTATACTTAaAGTGTCQGCTTATTTCAGTAAGAQTGTGGGGTTTTOGC 8258 
—-— > »>»»»»» 
3298 TQACAATCTITGCCTT0TTICTTQTA6TG 3326 
I  I I I  I  
8259 CGACACTCCTTACCTTTTTTCTTGTAGTO 8287 
Figure 4.7. Comparison of the right 325 nucleotides of 
Irma and Enl. The upper sequence is of Irma 
and the lower sequence is of Enl. Sequence 
differences are denoted by | between the upper 
and lower sequences. The 13-bp TIRs are indi­
cated by »», active TNPA binding motifs are 
numbered and indicated by ====> and cryptic 
TNPA binding motifs are indicated by >. 
Cryptic motifs share significant sequence 
homology to the motif consensus but are not 
bound by TNPA in in vitro binding assays. The 
12-bp TNPA binding motif consensus is 
CCG-C-CT-TT-. with invariant nucleotides un­
derlined. 
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The percentage base-pair differences in the left terminal 250 
nucleotides and the right terminal 300 nucleotides are 14.5% 
and 11.3%, respectively (Figure 4.6, 4.7). But the remaining 
1.1 kb of the right Enl homologous end has only a 4.5% dif­
ference. More than twice the number of nucleotide changes 
have accumulated where the 12-bp binding motifs reside. The 
presence and position of these changes may explain why Media­
tor is required in addition to En for excision. Because this 
receptor does respond to En but is fundamentally different in 
structure and function from previously described I elements, 
this receptor is named Irma, for inhibitor that requires 
Mediator also. 
4.4.2. Excision footprints of Irma 
The type of DNA footprints created by the somatic exci­
sion of Irma from the c2-m881058Y allele was assayed by PGR 
analysis. Upon complete excision of Irma, characteristic 
sequence alterations are left at the insertion site (Table 
4.17). Even though Irma requires both En and Med to be ex­
cised, typical En/Spm HSDs and footprints are associated with 
Irma's insertion and excision. 
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Table 4.17. Sequence alterations left after somatic exci­
sion of Irma from c2'-m881058Y. The Irma ele­
ment is represented by ...... the host seq­
uence duplication (HSD) is underlined and 
significant changes are highlighted. 
c2'm881058y: A C C T G C T G C T G G T G T T 
Footprints: 
1) 
2 )  
A C C T G 
A C C T . 
. . . G T A T T 
C T G G T G T T 
4.4.3. Distribution of Irma and non-En Irma sequences 
The Irma element is a deletion derivative of En, carry­
ing, in addition, non-En internal sequences (Figure 4.5, 
narrow, filled box) that account for one half of its total 
length. The break points of the deleted internal En sequenc­
es are coincident with the borders of the non-En region. 
This could indicate that in a simultaneous event; 1) internal 
En sequences were lost and 2) unrelated sequences were 
trapped at the site of this deletion. The non-En segment of 
the Irma element has no TIRs, long direct repeats, poly-A 
stretch, or long open reading frame. It, therefore, does not 
resemble a transposon or retrotransposon insert. This "nBJ" 
(non-En segment of the Irma element) sequence has no signifi­
cant sequence homology to sequences in the GenEMBL databank. 
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In an effort to further characterize the Irma element, a 
plasmid carrying the entire Irma element was digested with 
Alul, which liberates a 1306-bp nEI (non-En Irma) specific 
fragment. This was used as a probe on a genomic Southern 
blot of c2-m881058Y related and unrelated maize lines. The 
results (Figure 4.8A} show that this sequence is present in a 
moderate copy number in the maize genome. Many of the bands 
differ between lines and may represent other copies of Irma 
or Jrma-like elements. Other bands (1.6-kb, 2.0-kb, and 9.0-
kb) are present in all lines examined and may represent a 
gene locus from which this nEI sequence was initially de­
rived . 
In an effort to map the position(s) of this putative 
locus, the 1.3-kb nEI probe was hybridized to Southern blots 
of the recombinant inbreds (Burr et al. 1988). Two different 
RFLP patterns were distinguishable. One locus mapped to 
chromosome 7S:20 and the other to chromosome 2 (B. Burr, per. 
comm.). The mapping to chromosome 2 is not exact, because 
mapping to this chromosome is difficult. Given the duplicate 
nature of almost all maize genes cloned, this evidence sup­
ports the supposition that the nEI sequence may have origi­
nated from a gene locus. 
This same 1.3 kb nEI sequence was used as a probe 
against genomic DNA from several diverse plant species, such 
as snapdragon, tobacco and potato. No hybridization (under 
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Figure 4.8. (A) Distribution and copy number of the non-En 
Irma (nEI) sequence and (B) molecular analysis 
of the size class of Irma elements from genom­
ic DNA. (A) Genomic DNA was double-digested 
with BamHI and Hindlll (both of which do not 
cut within the Irma element) and probed with 
the 1.3 kb nBJ specific fragment. Lane l is 
the 1 kb molecular weight ladder. The geno­
types run in each lane are: 2) wx-844^^^/wx, 
3) a-ruq. 4) a-ruq/A, 5) c-ruq. 6) c-ruq^^^/c, 
7) and 8) c2 wx-m8. 9) c2-m/c2 + En + Med, 
10), 11) and 12) c2-m/c2 + En. (B) Genomic 
DNA was double-digested with Apal and Hindi 
and probed with the nEI specific fragment. 
Apal cuts once in the left end and Hindi cuts 
once in the right end of Irma. The genotypes 
run in each lane are the same as the indicated 
lane(s) from (A): 1) lane l, 2) lane 2, 3) 
lanes 7 and 8, 4) and 5) lane 9, 6) and 7) 
lanes 10, 11 and 12. 
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high stringency, after a three week exposure) to DNA from 
Arabidopsis, Antirrhinum, Silene alba, potato, or tobacco was 
observed. One hybridizing band was present in DNA from 
barley, the only monocot species tested (Figure 4.9). 
To investigate if Irma exists in various sizes or pri­
marily as the 3.3 kb element, DNA of c2-m881058Y related and 
revertant lines was double digested with Apal and Hindi and 
Southern blotted. Apal and Hindi cut once in the left and 
right termini of Irma, respectively, releasing nearly the 
entire element (3.2 kb). There are two possibilities; 1) if 
Irma exists only as the 3.3 kb element found in c2-m and btl-
m, then only one major band of 3.2 kb will hybridize when 
probed with the x\EI probe; 2) if Irma exists as elements of 
different sizes, then various size bands will hybridize. 
Figure 4.8B shows one major band of 3.2 kb and a minor band 
of about 3.4 kb in all genotypes examined. The majority of 
the Irma elements in these lines are of the type found in c2-
mSSlOSSY and btl-m. There may also be a slightly larger 
version (3.4 kb) of Irma in these lines, but in a much lesser 
frequency. The fainter bands probably represent the homolo­
gous loci mapped using the recombinant inbreds. 
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Presence of the nEI sequence in diverse plant 
species. Genomic DNA from different plant 
species was digested with Sphl and probed with 
the nEI specific probe. The DNA run in each 
lane is from: 1) maize, 2) maize, 3) Arabidop-
sis thaliana, 4) Antirrhinum majus, 5) potato, 




5.1. Origin of c2-m881058Y 
The c2-m881058Y allele was isolated during a search for 
altered phenotypes of the C2-b857246 chromosome-breaking 
mutant. The C2-b857246 sectored phenotype (colored to color­
less) is due to the frequent loss of the distal end of 4L, 
which carries the C2 allele. In an effort to determine which 
linked Factor(s) were responsible for the chromosome break­
age, the C2 allele was used to trap elements (autonomous or 
defective) that may have been residing on 4L near C2. A 
change in phenotype from sectored to spotted would be expect­
ed if the Factor(s) responsible for the chromosome breakage 
transposed from their linked position into the C2 gene. 
Phenotypes that suggested a loss of the breaking Factor(s) 
and insertion of an element into C2 were isolated. 
One of the C2-b857246 derivatives, isolated due to its 
change in phenotype, was the c2-m881058Y allele (rate of 
origin 1.59 x 10"®). Although; the c2-m881058Y allele had a 
spotted phenotype and no chromosome breakage was apparent, 
the element inserted into C2 has no relation to the system 
responsible for C2-b857246 chromosome breakage. The C2-
b857246 breakage occurs without En/Spm in the genome. The 
mutability of c2-m881058Y is partially controlled by En/Spm. 
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Though there is no direct proof, it is hypothesized that the 
chromosome breakage of the C2-b857246 mutant is likely relat­
ed to the origin of the c2"m881058Y allele. 
It has been proposed that genomic stress, such as chro­
mosome breakage, can activate previously inactive transpos-
able elements (McClintock, 1984). In fact, breakage on the 
short arm of chromosome nine induced the Ac/Ds system (Mc­
Clintock, 1946). The movement of Irma into C2, creating the 
c2-m881058Y allele, was likely induced by the genomic stress 
of chromosome breakage on 4L. The 4L-breaking C2-b857246 
mutant has produced two mutable alleles at C2 and an unstable 
mutation at another locus (Muszynski and Peterson, 1991a, 
1991b). That this mutant is undergoing chromosome breakage 
and is segregating for several transposable elements (see 
section 3.4.) makes it an ideal population to screen for 
insertional mutations. The presence of dominant alleles 
linked to the site of breakage increases the probability of 
isolating inserts at the loci on 4L. The abundance of easily 
isolated unstable mutations implies the maize genome is in 
constant flux, partially due to the actions of transposable 
elements. That transposable elements themselves are in a 
continual state of change, implies that their ability to re­
shuffle coding sequences and chromosomes may impart a selec­
tive advantage. 
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5.2. Control of c2-m881058Y Mutability 
5.2.1. Non-autonomous control of c2-n881058Y mutability 
The spotted phenotype does not always co-segregate with 
the c2-m881058Y allele. The segregation from the confirma­
tion crosses (Table 4.1) indicates c2-m881058Y mutability is 
non-autonomously controlled. Therefore, the element inserted 
into the c2-m881058Y allele must be a defective element. The 
ratio of spotted:colorless kernels, from the confirmation 
crosses, also indicated that two independent Factors (unde­
fined autonomous elements) were segregating and control c2-
m881058Y mutability (Table 4.2). 
5.2.2. System tests 
To determine if the Factors controlling c2-m881058Y 
mutability were related to any of the eight genetically 
defined transposable element systems (see section 2.2.2.1), a 
series of system tests was done. The strategy behind the 
system test is to correlate the presence of a specific auton­
omous element with the presence of the Factor controlling 
c2~m mutability. Once this one-to-one correlation is estab­
lished, the specific autonomous element is implicated in 
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controlling c2-m mutability. Two system test strategies were 
used (Figures 4.1, 4.2). 
The system tests showed that no Feu, Bg, Ac, Uq, Dt or 
Mrh elements were present in the c2-m881058Y material (Tables 
4.4, 4.5, 4.6, 4.7). One Mut element was segregating (Table 
4.6) but its presence was not correlated with c2-m mutabili­
ty. Many Cy elements (>4-5) were found to be segregating in 
this material (Table 4.6). The presence of this autonomous 
element also was not correlated with c2-m mutability. Only 
the presence of two types of En/Spm (Table 4.7) was corre­
lated with c2-m mutability. Indeed, both c2-m spotted pheno-
types, spotted-high and spotted-low, co-segregated with each 
type of En (a standard En and a low En). Clearly, En was 
implicated in being the Factor that controlled c2-m88l058Y 
mutability. But, there was a discordance in the total number 
of En/Spm present and the total number of Factors present 
(Table 4.8). This discordance could not be explained by 
segregation or linkage. The relationship between En/Spm and 
the Factors controlling c2-m mutability had to be further 
clarified. 
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5.2.3. Relationship of En/Som to the c2-m881058Y controlling 
Factors 
A number of the F^'s used in Tables 4.6 and 4.7 were 
crossed to a c2 wx-m8 tester line. Because the F^'s were 
heterozygous for wx, 50% of the progeny kernels could be 
assayed for waxy-mutability (see section 3.3.1.). In this 
cross, progeny kernels were screened for both aleurone spot­
ting (Factors present) and endosperm waxy-mutability (En/Spm 
present). The results proved to clarify the relationship 
between the Factors controlling c2-m mutability and En/Spm. 
Two different hypotheses were tested in the c2 wx-m8 
cross: Hypothesis A: En is the sole controlling factor of c2-
m mutability and Hypothesis B: an independent Factor, unre­
lated to En, controls c2-m mutability (see section 3.3.1.). 
Each hypothesis results in a different set of expected segre­
gating phenotypes on progeny ears (Table 4.10). The observed 
results from the cross are not adequately explained by either 
hypothesis (Table 4.9). En is required for c2-m mutability 
(all spotted kernels are also waxy-mutable). But not all 
non-spotted kernels (cl) are waxy stable. En is present in 
these kernels, yet is not sufficient to trigger c2-in mutabil­
ity. The control of c2-m mutability by an unrelated Factor 
would result in a spotted waxy stable class that is clearly 
not present. Based on previous experiments, which defined 
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the control of other new mutable alleles, either Hypothesis A 
or Hypothesis B should have explained the results. But c2-
m881058Y mutability seemed to be controlled in a novel way. 
Both En/Spm and another Factor, which was named Mediator, 
were coordinately controlling the mutability of c2-m881058Y. 
This was the first case of a defective element requiring two 
other elements to induce excision. Because En/Spm, Mediator 
and the element at c2-m881058Y are necessary for excision, 
this interaction defines an unusual three component transp-
osable element system. 
5.2.4. En/Spm and Mediator coordinatelv control c2-m881058Y 
mutability 
Because a three component transposable element system 
had not been previously described, this hypothesis had to be 
confirmed. Data from crosses were already available for 
comparison to expected ratios based on the coordinate control 
hypothesis. Expected ratios of various classes of spotted 
and colorless kernels were calculated based on the assumption 
that at least one En and one Mediator had to both be present 
in a kernel for c2-m spots to result (Tables 4.11). Observed 
ratios were not significantly different from these expected 
ratios by a chi-square test (Table 4.12). Crosses by and on 
c2 wx-m8 were done to confirm that any deviations from the 
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A 
expected ratios would remain non-significant. Again, expect­
ed ratios were calculated (Table 4.13) and the observed 
ratios did not deviate significantly from them (Table 4.14). 
The number and type of En (En^ or En^) could be determined in 
these crosses as well as the number of segregating Mediator. 
The number of Mediator often decreased when crossed as a male 
(Table 4.14). If 3 Mediator were reported in the female 
cross, often only 2 or 1 Mediator was reported in the male 
cross. Mediator may be susceptible to inactivation or loss 
when carried through the male. 
To further verify the requirement of both En and Media­
tor for c2-m mutability, a reconstitution test was done. 
Plants lacking En but segregating for Mediator (cl wx ker­
nels) were crossed to sib plants lacking Mediator but carry­
ing En (cl wx-m kernels) (Figure 4.3). If Mediator was 
indeed segregating in the cl wx class of kernels then those 
plants carrying Mediator should produce ears with spotted 
kernels when crossed to plants carrying an En/Spm element. 
The results indicate that 1) Mediator is segregating in the 
cl wx class of kernels and 2) the c2-m881058Y originating En^ 
or En^ or the standard Enl is capable of triggering c2-m 
spots with Mediator (Table 4.15). The mutability of c2-
mSSlOSSY can be separated and reconstituted by crossing 
individual plants carrying c2-m and Mediator to plants carry­
ing En/Spm. 
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5.2.5. Genetic characterization of Mediator 
In system tests, there was no correlation between auton­
omous elements, other than En/Spm, and the Factors (En/Spm 
and Mediator) controlling c2-m mutability. Therefore, Media­
tor is not an autonomous element for any other of the eight 
genetically defined transposable element systems. If Media­
tor could trigger defective elements of other systems, it 
would have resulted in a correlation with c2-m mutability. 
Mediator has no mutator (M) function. If Mediator was 
able to trigger excision of I/dSpm elements, it could not be 
distinguished from an En/Spm element. Mediator is not able 
to trigger the wx-m8 allele or the al-ml allele (Tables 4.8, 
4.9). Mediator also has no suppressor (S) function in tests 
against al-ml (Table 4.16) because it is not able to suppress 
the al-ml pale coloration. Therefore, Mediator only inter­
acts with the defective element in c2-m8B1058Yit shows no 
interaction with previously described I/dSpm elements. 
Mediator shows no interaction with the functionality of 
En/Spm elements. Mediator does not repress the mutator 
function of En^ (like al-m(r)1102) or boost the mutator 
function of En^ (like Modifier). En^, with Mediator, condi­
tions a low c2-m spotting pattern (l-2ab), which is consist­
ent with the En phenotype (sp^ wx-m^). Again, Mediator only 
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interacts with the defective element in c2-m881058Y; it shows 
no effect on En/Spm. 
5.2.6. Predictions on the nature of the insert in c2-
m881058Y 
The genetic data lead to a prediction of how the insert 
in c2-m is different from other I/dSpm elements and to a 
model of how Mediator interacts with this insert and En. 
The critical cis-determinants required for excision of 
I/dSpm elements are the 13-bp perfect TIRs and the proper 
orientation, distribution and reiteration of several subter­
minal 12-bp TNPA binding motifs. Required in trans are: 1) 
the TNPA protein, which acts as a "glue" to bring the ends of 
the element together; and 2) the TNPD protein, which is 
hypothesized to be the endonuclease that cuts at the 13-bp 
TIRs (Prey et al. 1990). 
Because the excision of the insert from c2-m is not 
triggered by the standard En alone, but requires Mediator as 
a helper factor, this insert is predicted to be an I/dSpm 
element carrying sequence alterations. These alterations 
would be expected to occur in either the 13-bp TIRs or the 
12-bp TNPA binding motifs. If the 13-bp TIRs of this insert 
are altered, Mediator may provide or supplement the function 
of TNPD. If this insert carries alterations in and between 
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the 12-bp motifs, Mediator may provide or supplement the 
function of TNPA. If both are altered, this insert would 
show no relation to the En/Spm element. 
Because the product of Mediator can not suppress al-ml, 
it is not TNPA and is not expected to strongly bind normal 
12-bp motifs. Also, Mediator does not enhance the defective 
mutator function of En^ so it does not produce TNPD. But EnP 
conditions low mutability of c2-m with several Mediator 
present. A defect in TNPD in En^ is probably responsible for 
its weak mutator function, similar to En2/Spm-w. The c2-
m88l058Y allele reports this weak function. The insert in 
c2-m881058Y is most likely responding to the TNPD of En. 
With En providing TNPD, Mediator may be providing a helper 
function for TNPA. If Mediator provides a helper function 
for TNPA, then the sequences in and between the 12-bp TNPA 
binding motifs would be expected to be altered. 
5.3. Molecular Characterization 
5.3.1. Molecular characteristics of the insert in c2-
m881058Y 
The preceding predictions are based solely on the genet­
ic data. The molecular analysis of the insert at c2-m881058Y 
has confirmed part of this prediction. The insert in c2-
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m881058Y is related to I/dSpm elements but unique in struc­
ture and function and therefore was named Irma. Irma is En-
related but different from previously characterized I/dSpm 
elements in two respects (Figure 4.5). In addition to the 
large non-En (nEI) internal region, there are a number of 
nucleotide changes within and between the 12-bp TNPA binding 
motifs and one nucleotide change in the right TIR (Figure 
4.6). This change in the TIR occurs at the innermost posi­
tion (toward the interior of the element), and it is not 
known if it is tolerated by TNPD. It is known that nucleo­
tide changes in the outermost position of the TIRs dramati­
cally reduce excision frequency (Schiefelbein et al. 1988), 
but does not abolish excision. The effect of the non-Sn 
(nBJ) internal region on the interaction with TNPA or TNPD is 
not known. It is known that foreign DNA (resistance markers) 
inserted in artificial I/dSpm elements does not affect exci­
sion and insertion of these constructs in transgenic systems 
(M. Frey and G. Cardon, per. comm.). So this nEI region 
probably does not affect the movement of this element. Most 
likely the many changes clustered specifically in the subter­
minal regions render this element unreactive to En alone. 
The specific nucleotide changes that may be significant 
in altering the binding of TNPA to this element are not 
known. Within the motif consensus, it is thought that any 
nucleotide alterations in positions 3, 10, or 11 would abol­
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ish TNPA binding (Gierl et al. 1988b). It is known from in 
vitro suppression studies that the orientation of these 
motifs is important in how strongly TNPA binds (Grant et al. 
1990). Tail-to-tail dimers of the motif are most strongly 
bound by TNPA in vitro, whereas head-to-head dimers and mono­
mers are less strongly bound (Grant et al. 1990). In the 
termini of Enl ends, the outermost pair of motifs are in the 
tail-to-tail orientation and, presumably, are the most stron­
gly bound by TNPA. The next left-end pair and the next two 
right-end pairs are in the head-to-head orientation. The 
innermost two motifs of each end are monomers (Figure 4.6). 
Motifs 1, 2, and 3 from the left end of Irma have chang­
es in the invariant positions of the consensus sequence 
(Figure 4.6). In the right end of Irma, motifs 8 and 10 also 
have sustained changes in the invariant positions (Figure 
4.6). Taken together, the nucleotide changes at the invari­
ant positions within the active motifs of Irma could signifi­
cantly reduce or disable the binding of TNPA to these motifs. 
The overall effect may be that TNPA, alone, no longer acts as 
an effective glue to hold the ends of Irma together. Alter­
nately, TNPA may bind, but its binding may be displaced. 
This displacement of TNPA molecules would be similar to 
displacing the teeth of a zipper, the result being that the 
zipper would no longer be able to close properly. 
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Given the number and position of nucleotide changes in 
the ends of Irma, the role of Mediator predicted from the 
genetic data becomes more substantiated. Mediator provides a 
helper function for TNPA either by stabilizing a weak binding 
or by aligning a displaced binding of TNPA to the subterminal 
binding motifs. Moreover, Mediator may even replace TNPA 
with a TNPA-like product that is capable of binding the 
altered subterminal regions and still interact with TNPD to 
promote excision. Even though Irma requires a helper func­
tion (Mediator), its excision and insertion is consistent 
with unaltered I/dSpm elements (Table 4.17). 
5.3.2. Genomic nature of Irma 
Given the low copy number of Irma and that it occurs 
mainly as the 3.3-kb element, Irma must be a relatively 
recent addition to the maize genome. Most transposable 
elements have high copy numbers and occur in a large variety 
of sizes in the maize genome. But Irma did not originate in 
the Ames genetic nursery. This same altered I/dSpm element 
was inserted in the btl-m allele of brittle-1. This allele 
was first identified on an ear given to Dr. C.R. Burnham by 
the Northrup King Company (Sullivan et al., 1991). There­
fore, Irma jumped into the C2 locus in the Ames genetic 
nursery, but Irma elements exist in maize lines other than 
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genetic stocks. A screen of diverse maize lines for the Irma 
element would be possible because Irma is essentially 
"tagged" with a unique sequence (nEI). Also, it may be 
possible to follow Irma's pattern of transposition in c2-
m881058Y revertants, using the nEI probe. 
5.3.3. Evolutionary considerations 
To date, eight genetically defined transposable element 
systems exist in maize. Many other insertion elements {Tz, 
Cin) related to retroviruses also have been identified (Del-
laporta et al., 1984b; Schwarz-Sommer and Saedler, 1988). It 
is probable that more elements and element systems exist in 
the genome and are awaiting identification. Indeed, the Irma 
element resided in the btl-m allele for several years before 
it was cloned and sequenced. And its dependence on the 
products of both En/Spm and Mediator for excision was not 
identified until the c2-m881058Y allele was genetically 
characterized in this study. This type of three component 
transposable element system had not been previously described 
in maize or other organisms. Perhaps other types of three 
component systems exist. But because of the difficulty in 
assaying for the segregation of two independent factors, due 
to the unavailability of appropriate reporter alleles, they 
often are missed. Indeed, the excision of Irma from the 
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btl-m allele was reported to be controlled solely by En/Spm 
(Sullivan et al., 1991). Only when the presence of En/Spm 
and Irma's excision could be independently assayed on a 
kernel-by-kernel basis, did the presence of Mediator become 
apparent. Other mutant alleles could be controlled in a 
similar fashion. 
The Irma element is derived from an En/Spm that in a 
simultaneous event lost En/Spm sequences and gained unrelated 
(nEI) sequences. Nucleotide changes, occurring specifically 
in and around the TNPA binding motifs, further separate this 
element from other I/dSpm elements. The excision of Irma 
only partially depends on En/Spm; another factor. Mediator, 
must also be present. Both structurally and functionally the 
Irma element is diverging from the En/Spm system. In time 
Irma may lose its dependence on En/Spm for excision and 
depend solely on Mediator. If that were to happen, based on 
a genetic system test, Irma and Mediator would show no func­
tional relationship to the En/Spm system. A new transposable 
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APPENDIX 
The sequence of the Irma element. The non-En Irma (nEI) 
sequence is in italics and the En/Spm homologous regions are 





























CACTACAAGA AAAT6TTGAA GAA6TGTCAG TTAATAAAAA AT6TCGGGGC 
CCACACTCTT AATCGAA6TA AAAGTGTGGG TTTTGTTGCA CCGACACTCC 
TAATTTAAGA GTGTCGGGGT CCCGCAGAAA CCGACACTTT TAATTTAAAA 
GTGTGAGTTT TTTCTACACC GACACTCTTA TGGATTTTAC CCTAATCCCC 
AATCCTATGC TACAGTCGCG CGTCTCCTAC CTGTTCTACC GCTGCGCGM 
TCTCCTACCT TTTCTCCTAC CTGCTTGCCA TCCGCCGCCG TCTCCTACCC 
ACTCTCCCTA TCCGGCGGTG CAGCATCACC CAGCGGCGCG CGCAGGGCAC 
CGGGCAGCCA TCGGACTCGC CAAGCCGCGC GGCGGCGGCC TTGCCGAGCC 
AGGCGTCGGG CGGCCTCGTC CCGAGCCAAG TCGGGGCTGG AGTTCCGCGT 
GGGTGGGCCG CGCGAGTGGC GCGTCCCGGA CGCCAACACC AGCTACGGAT 
GGTGGGCCAT GAACAACCGC TTCCACGTCG GCGACCGCCT CTGTGAGCAA 
CAGTAGCCTA ACTCCCACAT TTCGACAACA ATCCGACCAT GACGCGCACA 
GATCCATTTC GACATCCTCC GTTCCTCTCG CAGATTTCAA GTACGCGAAC 
GACTCGGTGC TGGTGGTGGA CCGCCTGGCC TTCGACGCCT GCAACGCCAG 
CGCGCCGCTG CCCGCGTTGC CCGGCGGCGC CACCGAGTTC TGCCTCCACC 
GCCCGGGCTT CTTCTGCTTC ATCAGCGGCG AGCCAGGGCA CTGCGAGGAA 
GAAGGCCAGA GGCTCATCGT ACGCTTGTTG GTCTGG&ITT GATGCTCCAC 
TGATTGGTTT GCTACTACTT TGCTTTTATG TGTGCAGTAC TGCAGTGCAG 
ACTCACACAC TAGTACCTAG TTGTTGTTAG ATAATGCTCA GTTGCCTAGT 
TTTCGGTTTC CATATTATTT TGGGTTCATG CAAGATGACT TATGAGTTAT 
GAAGTATTGG TACTAGGAAT AATGTTATCT GTCGAACAAT TTGTTTAACT 
CAGTAACCGT ACGTATGCTG TTTAGTACCT ATATGTGATG TGGTTCAGTT 
CGTTGTGTTC TGCTCTTGTA GTTCTCAACG ATGCTAAATT GCTGGCCTCT 
TTTTTTAATT AGTATCAGAG AATTCCATTA TTTTCGTACT TACATCATAT 
GCATGGATAC CGATCGAATA TCAATCACAT GGTTCATCAC OTGTACAAAA 
CATAACACCA ACCCATGC^ G GAAACCGCCG TTCACAAACT GTAGTTCTTC 
GCATCAGATA CGGTAGGAGC ATCCCTGTTG CATCTGTCTT CCTTCAGATT 
1351 TTGGGCAAAA TCCTTTAGGG 
1401 GGAATCTAAC TAATAGAGTA 
1451 ACTTTCCAAC ATTTATATAT 
1501 TGGAAATTAA TTCTATAGAT 
1551 TAACACACTC TTGTACTTGC 
1601 ATCTCTCTCA TATGATTTAG 
1651 TATAATAACT TAATTAGTTT 
1701 TCAATTCCAA CCAAACAAAC 
1751 AATTGCATTT CAAATTGCTA 
1801 TTGCCTCGCT CTGCTTGTCC 
1851 ACCATGCATG TGCCACAATG 
1901 GTGAGATGCT TGCACGACGC 
1951 TGCTGCATCA GGTATCAATT 
2001 TTAACTGAAA AACTGATGAA 
2051 GAACTTAGTT CGGCATGTCG 
2101 CCGGT6TCTG GACAATCATC 
2151 ACAGGTACAA TCGTCTACTA 
2201 TTGCTCTCTG TGTTTCTGCA 
2251 TTTGTCATTC GCATGATCTA 
2301 TCTTAATCAT AAACAAGAGT 
2351 TGTCTAAGAC CAATT6ATGC 
2401 CGTGGGCACC TCGCCAGCCA 
2451 CCACCGCCGA 1GTCGTGGGG 
2501 AGGATTGCCC TCACACTCAC 
2551 GCATCTCTAT TTGCTTTGTT 
2601 ATATGTTGCA GTCTATGTAT 
2651 AATGTTTGTT TCTTTTAAAG 
127 
TCCGTTTGTT TCCCTTGATT TTGAGGAATT 
GTCTATTTTT TAGAATGTGA AACTTTCATA 
AAGCCTATCT AAAATTCATG GGGTGAGATA 
TTACATGATA CTTTTCTAAT GTACAACTTA 
TTTTTTATAG CATAAGTGTA GTGTATAACT 
GATAATATAC AAATAAATTA CATATATAAA 
GTGTCTAAAT TATGATTATT GGAATGGAAT 
GGGGCCTTAT ATTAAATTCT TTCATTTTAA 
CGTCTTTCTG ATTTAGGAAG TGCTTTAGCT 
ATCTCCGTCG CTATTGATCC CACAGCGAAC 
GTTCATGCAT GTAATTCTCG AACGACCAGT 
ATGACCCCGA CGATCATCTG CAAAATTGGA 
TTTTGTTATT TCATTGTTTC TCAAGACCGA 
TAATCTATTT GCAGATGTAC GGAGGTGCCG 
CCTTTTCAAC AAGCCCCTAT CATCACACAT 
GGATCGCTCC CCTGCAGCGG CGGATGGATC 
AACATCATTT GTCTGATAAT CATTGGTTGC 
TGTTTGCATG TACATTACCT ATTTTAAACT 
TAGTTACTTT TATTGTTGAT CACCATAACT 
GTGTCTTCTG TTTCAGGGTT CTGCAACTTC 
CATAGAGTGT GATAGGAGGG CAAATGATGT 
GGCATTTGGC TACCGATGCA AACACAGATG 
ATTTCCTCCT CGTGGGCAGT CACACTCACC 
CAGGATCAGT ACGTTAAGTT GATATCCTTT 
GTTTAAGCAG TTACTAGAAA ACATGCATGT 
ATGTTTAATT AGTTACTCGG TAAACTAACA 
GGTTCGGGCT CACATAATGC TAGTCCGCCT 
2701 CGGATCAGAG CATGTTTATG 
2751 TCCAATGACC CACCAACGGA 
2801 TACTTCATTG CATTTTCTAT 
2851 CTTCTTTCTT ATGACTTGAA 
2901 TATGATATAT TGAATATGTG 
2951 TATATGTGCT GTTATGGAGG 
3001 CTGGGATTGA AAAAAATTTA 
3051 TATATGCGCC CAGGTAGGCT 
3101 CCACGTCACT GGCCGACACT 
3151 ACGACACTCT TAATTTAAGA 
3201 GAGCGTCCAT TTTAGAGTGT 
3251 TATACTAAGA GTGTCGGCTT 
3301 CAATCTTTGC CTTGTTTCTT 
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GACTTATTGA TGAACACAAG TAGCGGCGGC 
ATGAATTAAT ATGGAGGCTT GTGTGGAACT 
GGACTTGA&C TTGTTTCAGA TGGATTTGAA 
CTTGTATGAA TATTGAATAT ATGCTTGTGT 
CTTGTGTTGT GATATATTGA ATGTTGTGCT 
CTTCCCATTC GGGAAGGGAG AAAAATAAAA 
TTCAGTAAGA GTGTCGGCCC CCCACATTCT 
AGTGACCGCG CGCACAGTAA GAGTGTACCG 
CTTAACATAG GAGTGTCGGT TGTGTGTTGA 
GTGTCGGTCC CCACACTTCT ATACGAATAA 
CGGCTAAGAG TGTCGGTCAA CCGACACTTT 
ATTTCAGTAA GAGTGTGGGT TTTTGGCTGA 
GTAGTG 
